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ABSTRACT 
Human Olfactory Perception and Olfactory Communications of Social Information 
by 
Wen Zhou 
As one of the five basic senses, olfaction provides a unique channel to understand our 
sensory world and socioemotional experiences. It is phylogenetically old, highly 
conserved in evolution, and ubiquitously employed in the animal kingdom to 
communicate identity and motivation. Nevertheless, compared to vision and audition, 
human olfaction is poorly researched. Here six studies were conducted to probe the 
sensory properties of human olfactory system and its role in socioemotional 
communication. Study I examined whether sensory rivalry, as in binocular rivalry, also 
exists in the olfaction system. Study II looked at the influence of smells on visual 
perception. Study III tested the effect of chemosensory fearful cues on visual emotional 
perception. Study IV tested people's ability to detect chemosensory emotional cues and 
the role of familiarity in their sensitivity to such cues. Study V correlated one's 
chemosensory ability with his/her emotional capacity to probe the behavioral linkages 
between human olfaction and emotion. Lastly, Study VI examined the neural correlates 
of the social nature of natural human body odors by using a group of subjects with 
various degrees of social anxiety. The results demonstrate that there can be rivalry in 
olfactory processings between the two nostrils and in the cortex, and olfactory 
processings interact with visual processings. In addition, olfaction and emotion are 
closely related to each other. The olfactory system processes the socioemotional 
information conveyed by natural human body odors, which influences people's behavior 
and emotional processings, but often without their subjective awareness. 
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Anatomy of human olfactory system 
With no evidence of possessing an accessory olfactory system (AOS), humans rely on 
the main olfactory system (MOS) for olfactory processing. Odor-evoked responses are 
initially conducted from first-order olfactory receptor neurons at the nasal mucosa toward 
the olfactory bulb. Here the sensory neurons connect with ipsilateral mitral and tufted 
cells, whose axons form the olfactory tract, one on each side. Olfactory tract relays 
olfactory information to a wide number of brain areas within the posterior orbital surface 
of the frontal lobe and the dorsomedial surface of the temporal lobe in an ipsilateral 
fashion. These structures include (from rostral to caudal) the anterior olfactory nucleus, 
olfactory tubercle, anterior and posterior piriform cortex, amygdala, and rostral entorhinal 
cortex, all of which are heavily interconnected and (except for the olfactory tubercle) 
send dense feedback projections to olfactory bulb (Gottfried & Zald, 2005). Since the two 
olfactory tracts are connected to each other via the anterior olfactory nuclei and the 
anterior commissure, theoretically there can be a certain amount of contralateral 
processing as well (Savic, 2001). 
Each of these primary olfactory regions sends higher-order projections to secondary 
olfactory regions, which include orbital frontal cortex (OFC), agranular insula, additional 
amygdala subnuclei, hypothalamus, mediodorsal thalamus, and hippocampus. This 
complex network of connections serves as the basis for odor-guided regulation of human 
behavior, feeding, emotion, autonomic states, and memory (Gottfried & Zald, 2005). 
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Effects of non-social smells on human behavioral, physiological, and neural 
responses 
Behavioral and physiological responses to non-social smells 
We perceive an immense variety of chemicals as having distinct odors. Although 
humans do not rely on olfactory cues as much as other mammals do, converging evidence 
has demonstrated that common household smells can affect human autonomic nervous 
system (ANS) activity as well as cognition and behavior. Human neonates show 
significant facial and respiratory changes even to low concentration of olfactory stimuli 
and are able to react differently to some pleasant and unpleasant odors, showing disgust 
(nose wrinkling, upper lip rising) to unpleasant odors (Soussignan, Schaal, Marlier, & 
Jiang, 1997). Experiments with adult participants indicate that different smells elicit 
different autonomic response patterns (Alaoui-Ismaili, Robin, Rada, Dittmar, & Vernet-
Maury, 1997; Alaoui-Ismaili, Vernet-Maury, Dittmar, Delhomme, & Chanel, 1997). 
Specifically, heart rate is associated with the pleasantness factor; and skin conductance is 
associated with the arousal factor of the smells, which is strongly correlated with the 
subjective intensity ratings (Bensafi et al., 2002). Since such effect is in part related to 
subjective evaluations of the smells, psychological mechanism is probably involved in 
this process (Heuberger, Hongratanaworakit, Bohm, Weber, & Buchbauer, 2001). But the 
impact of smells goes beyond conscious awareness. Li et al. showed that subliminal 
smells affected likeability ratings of neutral faces in an odor valence consistent manner in 
subjects who were unaware of the smells' presence, yet their heart rate responses tracked 
odor valence independently of odor awareness (Li, Moallem, Paller, & Gottfried, 2007). 
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Parallel with their effect on ANS, odors significantly influence human mood. Pleasant 
odors can induce positive mood while unpleasant odors often result in negative mood 
state (Robin, Alaoui-Ismaili, Dittmar, & Vernet-Maury, 1999). In women odors have 
been found to modulate pain perception (Marchand & Arsenault, 2002). Male fragrance 
was reported to exert a positive effect on sexual arousal during women's erotic fantasy 
(Graham, Janssen, & Sanders, 2000). Odors also act as elicitors of emotional memories. 
Odor induced general hedonic tone of subjective experience can bias the retrieval of 
happy and unhappy memories (Ehrlichman & Halpern, 1988). 
Clinically, some odors have been successfully used to treat depression, anxiety and 
some forms of cognitive disorders as well as insomnia and stress-induced ailments 
(Heuberger et al., 2001). In industrial settings, pleasant scents have been demonstrated to 
improve self efficacy and working performance (Baron, 1990; Baron & Bronfen, 1994). 
Neural responses to non-social smells 
Existing brain imaging studies have shed light on the underlying neural substrate of 
human olfactory perception. Neural processing of odors seems to be fairly fine-tuned 
from very early on in one's life. Three-month-old infants demonstrate quantitatively 
different cortical responses (EEG based Brain Electrical Activity Mapping) before and 
during the presentation of baby-food odors (Kendal-Reed & Van Toller, 1992). 
PET (Positron Emission Tomography) and fMRI (functional Magnetic Resonance 
Imaging) studies with adults have provided a scheme of the functional mapping of human 
olfactory system. Odorized air as well as odorized liquids (delivered to the oral cavity, 
stimulating the olfaction system through the retronasal pathway) activates the primary 
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olfactory cortex — piriform cortex, amygdala and entorhinal cortex as well as other brain 
regions including the orbitofrontal cortex, hippocampus, insula, and cerebellum (e.g. 
(Gottfried, Deichmann, Winston, & Dolan, 2002; Savic, 2002; Savic & Gulyas, 2000; 
Sobel et al., 2000; Zald & Pardo, 2000) in men and women alike (Bengtsson, Berglund, 
Gulyas, Cohen, & Savic, 2001). The degree of activation in regions receiving primary 
olfactory projections (piriform cortex, amygdala, and entorhinal cortex) is lower in 
elderly people (Cerf-Ducastel & Murphy, 2003). 
Bilateral temporal regions including piriform cortex provide input for odor 
recognition (Dade, Zatorre, & Jones-Gotman, 2002). The piriform cortex has been found 
to participate in odor quality and structure encodings (Gottfried, Winston, & Dolan, 
2006), olfactory classical conditioning (Gottfried, O'Doherty, & Dolan, 2002) and 
learning (Li, Luxenberg, Parrish, & Gottfried, 2006), olfactory memory retrieval 
(Gottfried, Smith, Rugg, & Dolan, 2004), as well as odor localization (Porter, Anand, 
Johnson, Khan, & Sobel, 2005). The activation patterns within caudal orbitofrontal cortex 
diverge according to the valence of the olfactory stimuli. But there are inconsistent 
findings in the role of the amygdala regarding whether it is more activated by unpleasant 
smells or it is solely associated with the intensity of the olfactory stimuli (Anderson et al., 
2003; Gottfried, Deichmann et al., 2002; Zald & Pardo, 1997). Besides, OFC has been 
reported to be involved in integrating visual and olfactory input (Gottfried & Dolan, 2003) 
and also olfactory learning (Li et al., 2006). OFC together with amygdala underlie 
appetitive and aversive olfactory learning (Gottfried, O'Doherty et al., 2002) as well as 
olfactory aversive conditioning extinction (Gottfried & Dolan, 2004). 
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Left cuneus, right anterior cingulate gyrus, left insula, and bilateral cerebellum are 
involved in olfactory naming; left cuneus and bilateral cerebellum are also activated in 
olfactory matching (Qureshy et al., 2000). Compared to the control visual cues and 
olfactory cues, recall to the personally significant odor was found to result in greater 
activation in the amygdala and hippocampal regions (Herz, Eliassen, Beland, & Souza, 
2004). 
Human social communication 
From an evolutionary point of view, everything we are or do is part of a current 
coming down from the remote past. It is estimated that humans diverged from 
chimpanzees about 4.9 million years ago (Horai, Hayasaka, Kondo, Tsugane, & Takahata, 
1995), and have been gregarious since before the divergence (Shea et al., 1998). The 
stream of this life-history provides the social origin of one's life "first through his 
susceptibility to touches, tones of voices, gesture, and facial expression; late through his 
gradually acquired understanding of speech" (Cooley, 1983). 
Commonly recognized modalities of human social communication 
Faces are highly biologically significant visual stimuli with a crucial role in mediating 
social interactions. They provide the age, identity, and emotional state of those around us. 
Humans typically recognize faces faster (Tanaka, 2001) and remember them better (Yin, 
1969) than other types of objects. As a matter of fact, large numbers of individual faces 
are remembered over long periods in one's life (Bahrick, Bahrick, & Wittlinger, 1975). 
Preference for facial contact emerges early in life; mutual gaze between infant and adult 
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calms and conserves energy in infants as young as 4 weeks (Blass, Lumeng, & Patil, 
2007). Facial expressions of emotions are largely universal with high consistency across 
cultures (Ekman & Oster, 1979). Gesturing is also a robust phenomenon found across 
cultures, ages, and tasks, and serves the purpose of social communication (Goldin-
Meadow, 1999). 
Voices, registered by audition, are another important source of social information. 
The human ear is most sensitive between 1 and 5 kHz (Fletcher & Munson, 1933), 
largely due to the resonance of the ear canal and the transfer function of the ossicles of 
the middle ear. Such sensitivity range effectively covers the frequency band of human 
voices, which is approximately 300 Hz to 3400 Hz (Baken & Orlikoff, 2000). Similar to 
faces, voices also contain in their acoustic structure rich information regarding the 
speakers' identity and emotional state (van Dommelen, 1990) in addition to the semantic 
information carried by language. Four-month-old infants process own mother's voices 
faster than unfamiliar voices, showing signs of a clear memory template for own 
mother's voice at very early age (Purhonen, Kilpelainen-Lees, Valkonen-Korhonen, 
Karhu, & Lehtonen, 2005). Human infants are also genetically endowed with a language 
faculty that consists of a universal toolkit (universal grammar) for building possible 
languages (Chomsky, 1972; Vargha-Khadem, Gadian, Copp, & Mishkin, 2005). By 8 
months old, they are capable of effectively employing statistical learning in language 
acquisition (Saffran, Aslin, & Newport, 1996). 
Although not as dominant as faces or voices, touch is also an important form of 
social interaction and can have powerful emotional consequences. Appropriate touch can 
be calming, while inappropriate touch can be anxiety provoking. Affectionate touch 
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reduces infant activity while stimulating touch shows the reverse effect in 3.5-month-old 
infants (Moreno, Posada, & Goldyn, 2006). The use of touch in adults is more 
complicated and varies across gender, age groups, social settings, and cultures (Major, 
Schmidlin, & Williams, 1990; Remland, Jones, & Brinkman, 1995). 
Neural basis of social interaction 
Specific brain regions / networks are designated to process social signals from various 
modalities, including human faces (fusiform face area) (Kanwisher, McDermott, & Chun, 
1997), expressive gestures (anterior paracingulate cortex, temporal poles, right superior 
temporal sulcus) (Gallagher & Frith, 2004), voices (bilaterally along the upper bank of 
the superior temporal sulcus) (Belin, Zatorre, Lafaille, Ahad, & Pike, 2000), and touches 
(orbitofrontal and cingulate cortices) (Rolls et al., 2003). 
In more complex forms of social interaction (e.g. internal monitoring of actions to 
comply with current situational context, gambling, mentalizing, morality), the 
involvement of medial frontal cortex (MFC) has been consistently observed, which is 
believed to reflect the process of determining behavior on the basis of anticipated value 
(Amodio & Frith, 2006). In particular, the orbital region of the MFC, namely the 
orbitofrontal cortex (OFC), has been proposed to be involved in sensory integration, in 
representing the affective value of reinforcers (emotional processing), and in decision 
making and expectation (Kringelbach, 2005). Several other brain regions also participate 
in social cognition, including amygdala and ventral striatum (Adolphs, 2003), both also 
heavily documented in emotional processing (Cardinal, Parkinson, Hall, & Everitt, 2002; 
LeDoux, 2000), which anatomically receives highly processed visual information from 
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the anterior temporal cortices, and stores codes for subsequent processing of such 
perceptual information in other brain regions (Cardinal et al., 2002). Together the three 
structures are thought of as components of a neural system that links sensory 
representations of stimuli with the social judgments one makes about them on the basis of 
their motivational value (Adolphs, 2003). 
Chemical communications in the animal world 
While social communication is an intuitive concept in the context of human 
interactions, it is less so when applied to animals. Wilson defined biological 
communication in general as 'action on the part of one organism (or cell) that alters the 
probability pattern of behavior in another organism (or cell) in an adaptive fashion' 
(Wilson). Put more simply, 'communication occurs when one animal's behavior can be 
shown to have an effect on the behavior of another. Signals are the means by which these 
effects are achieved.'(Dawkins, 1986) 
Different from humans, across the animal kingdom more interactions are mediated 
by chemosignals than by any other kind of signal (Wyatt, 2004). The term 'pheromone' 
refers to substances secreted to the outside by an individual and received by a second 
individual of the same species in which they release a specific reaction, for instance a 
definite behavior (releaser pheromone) or developmental process (primer pheromone) 
(Karlson & Luscher, 1959). Mammalian pheromones have been demonstrated to elicit 
behavioral responses including inter-male aggression, aggressive responses in lactating 
females, initiation of male ultrasonic vocalizations and copulatory behavior, 
reinstatement of lordosis in females, and parent-infant interactions (Dulac & Torello, 
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2003). For example, rats release alarm pheromones when confronting threatening or 
stressful stimuli (illness, electric shock, suffocation, frustration), which evoke both 
behavioral and autonomic responses in the recipient rats (Kiyokawa, Kikusui, Takeuchi, 
& Mori, 2004). In male rats, a steroid-sensitive circuit exists in the forebrain which 
regulates mating behavior. Both androgen and estrogen receptors are found to be 
involved in sexual behaviors and both also contribute to the steroid-regulated structural 
plasticity in this brain region (Cooke, Breedlove, & Jordan, 2003). Brain imaging studies 
carried out with monkeys showed that olfactory communication is also evident in at least 
some species of primates. Compared to the odors of ovariectomized marmosets, the 
sexually arousing odors of ovulatory marmosets enhanced signal intensity in the preoptic 
area and anterior hypothalamus in male marmosets (Ferris et al., 2001). 
In rodents as well as in many other mammals, there are two chemosensory systems 
that response to olfactory stimuli, the main and accessory olfaction systems (MOS and 
AOS, respectively). While olfactory receptor neurons project to the main olfactory bulb, 
vomeronasal receptor neurons project to the accessory olfactory bulb. Such anatomical 
segregation of MOS and AOS remains at least until the level of amygdala (Moffatt, 2003). 
Primates, including humans, however, differ significantly from rodents and most other 
mammals in the structure of the AOS. Substantial variations also exist within primate 
species, although the organization of the MOS is quite identical across different species 
of mammals. Adult humans possess well-defined vomeronasal organs (Bhatnagar & 
Smith, 2001) but lack typical receptor cells in these organs as well as the accessory 
olfactory bulb (Meisami, Mikhail, Bairn, & Bhatnagar, 1998). Based on such anatomical 
organization, adult humans do not have a functional AOS, which plays an important role 
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in chemical communication in many other mammals and amphibians (Meredith, 2001). 
This in itself, however, does not rule out the possibility of chemical communications 
among humans, since mammals like mouse (Kobayakawa et al., 2007), rabbit (Hudson & 
Distel, 1986) and pig (Domes, Adkins-Regan, & Halpern, 1997) are able to detect 
pheromones through the main olfactory system. Chemosensory receptors have been 
identified in the mouse olfactory epithelium, which respond to chemosignals including P-
phenylethylamine, elevated in urine in response to stress. Genes encoding these receptors 
(trace amine-associated receptors) are present in humans as well (Liberies & Buck, 2006). 
Accordantly, it has also been shown that the human genome contains at least one 
functional putative pheromone receptor gene and it is expressed in human olfactory 
mucosa (Rodriguez, Greer, Mok, & Mombaerts, 2000). 
Chemical communications in humans 
Compared to the bulk of studies on animal chemosensory signaling and human social 
communication via visual, acoustic, and tactile cues, olfactory communication of social 
information is poorly understood in humans. 
Behavioral and physiological responses to human chemosignals 
Despite the suspicion that adult humans are not capable of chemical communication 
due to the lack of a functional AOS, existing research suggests otherwise (Gower & 
Ruparelia, 1993; Hays, 2003). The most well-known phenomenon that indicates its 
existence is "menstrual synchrony". It was reported that odorless compounds from the 
armpits of women in different phase of their menstrual cycles have specific effect on the 
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menstrual cycles of the recipient women. The axillary compounds from female donors in 
their late follicular phase shortened the menstrual cycles of the recipient women. The 
axillary compounds from the same donors in their ovulatory phase, oppositely, 
lengthened the menstrual cycles of the recipient women (Stern & McClintock, 1998). 
Yet "chemosignals" do not exist in females only. Effects of exposure to 4, 16-
androstadien-3-one (androstadienone), found in the skin, axillary hair, and blood plasma, 
primarily in males, have recently received much attention. It is termed as the "putative 
human sex pheromone". Androstadienone is reported to specifically modulate women's 
general mood state and prevent it from deterioration even when women are not aware of 
its odor (Jacob & McClintock, 2000). It reduces nervousness, tension, and promotes a 
feeling of being focused, accompanied by concordant changes in autonomic parameters 
in female recipients (Grosser, Monti-Bloch, Jennings-White, & Berliner, 2000; 
Lundstrom, Goncalves, Esteves, & Olsson, 2003). It also maintains higher levels of the 
hormone Cortisol in women (Wyart et al., 2007). Its effect seems to be concentration-
dependent, with higher concentrations showing stronger effect on mood and autonomic 
arousal (Bensafi, Tsutsui, Khan, Levenson, & Sobel, 2004); and also context-dependent: 
one study reported the effect of subthreshold amount of androstadienone is only observed 
in the presence of a man (Lundstrom & Olsson, 2005). 
The human sweat, consisting of acids and steroids (Labows & Preti, 1992; Zeng et al., 
1991) including androstadienone (Gower, Holland, Mallet, Rennie, & Watkins, 1994), is 
a conglomerate of secretions from the sebaceous, eccrine, and apocrine glands that 
respond to emotion (Labows & Preti, 1992). Besides conveying reproductive state (Stern 
& McClintock, 1998), sweat has been shown to carry individual signatures (Perm et al., 
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2007) that underlie self (Russell, 1976) and kin (Porter, Cernoch, & Balogh, 1985; Porter, 
Cernoch, & McLaughlin, 1983; Porter & Moore, 1981) recognition. Human mothers can 
identify their infants by smell alone at 6 hours post partum after a single exposure to their 
babies (Russell, Mendelson, & Peeke, 1983). Parents also distinguish between odors of 
their own children (Porter & Moore, 1981). In addition, odors of mothers and offspring 
can be correctly matched by strangers (Porter et aL, 1985). Moreover, sweat reflects 
different the gender and developmental stages of the sweat donors, which in turn biases 
the mood of the recipients (Chen & Haviland-Jones, 1999). Finally, human sweat also 
communicate emotions (Ackerl, Atzmueller, & Grammer, 2002; Chen & Haviland-Jones, 
2000), which affect the implicit perception (Pause, Ohrt, Prehn, & Ferstl, 2004), 
physiological response (Prehn, Ohrt, Sojka, Ferstl, & Pause, 2006) and cognitive 
performance (Chen, Katdare, & Lucas, 2006) of the recipients. 
Neural responses to human chemosignals 
There has been limited research on the neural correlates of human chemosignal 
processing. The consensus, however, points to engagement of somewhat different neural 
mechanisms in analyzing human chemosignals as compared with non-social smells. 
Androstadienone has been reported to elicit significant changes in regional cerebral 
glucose metabolism (rCMglu) in a broad range of regions in females including the 
prefrontal cortex, cingulate cortex, amygdala, hypothalamus, visual cortex, parietal cortex, 
thalamus, basal ganglia, premotor cortex and cerebellum independent of whether subjects 
are aware of the smell of it or not. This is thought to be consistent with androstadienone's 
positive effect on emotion and attention (Jacob, Kinnunen, Metz, Cooper, & McClintock, 
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2001). Moreover, Androstadienone is found to activate hypothalamus in a sexual-
orientation specific manner: it activates hypothalamus in heterosexual women and 
homosexual men, but not in heterosexual men and homosexual women (Berglund, 
Lindstrom, & Savic, 2006; Savic, Berglund, Gulyas, & Roland, 2001). 
Most recently, a PET study (Lundstrom, Boyle, Zatorre, & Jones-Gorman, 2007) 
compared natural human body odors with a perceptually very similar non-social control 
odor, and reported increased regional cerebral blood flow (rCBF) to human body odors in 
the posterior cingulate cortex, occipital gyrus, and angular gyrus. In addition, smelling a 
friend's body odor activated regions previously seen for familiar stimuli, whereas 
smelling a stranger activated amygdala and insular regions akin to what has previously 
been demonstrated for fearful stimuli. Data from our lab (Zhou & Chen, 2008) showed 
that the right orbitofrontal cortex, right fusiform cortex, and right hypothalamus 
responded to the chemosignal of natural human sexual sweat but not to the neutral sweat 
from the same donors, the putative human pheromone androstadienone, and a non-social 
control. The findings thus provided neural evidence that socioemotional meanings, 
including the sexual ones, are conveyed in human chemosignals. 
Below I present six studies. Studies I and II attempt to characterize some sensory 
properties of human olfactory system. Studies III to VI examine human olfactory 
communications of socioemotional information from different angles. 
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STUDY I: BINARAL RIVALRY: COMPETING OLFACTORY PROCESSING 
BETWEEN THE TWO NOSTRILS AND IN THE CORTEX 
Introduction 
Most of our sensory organs come in pairs: eyes, ears, and nostrils. Typically, the two 
eyes form slightly different retinal images of the same object (binocular disparity). There 
are small differences in time and intensity between a sound arriving at one ear versus the 
other, as well as between a smell arriving at one nostril versus the other (von Bekesy, 
1964). The two nostrils are asymmetrical in air flow, which switches every couple of 
hours (Bojsen-Moller & Fahrenkrug, 1971), and in their sensitivity to odorants with 
different sorption rates (Sobel, Khan, Saltman, Sullivan, & Gabrieli, 1999). Most of the 
time, our brain integrates these minor differences and generates stable, accurate 
representations of the environmental input [e.g. stereopsis, sound localization, odor 
localization (Porter et al., 2005; Rajan, Clement, & Bhalla, 2006; von Bekesy, 1964)]. 
Rivalry occurs when two distinctively different images are separately presented to the 
two eyes (Alais & Blake, 2004; Tong, Meng, & Blake, 2006). Successive periods of 
dominance of the left-eye stimulus and the right-eye stimulus are described as 
unpredictable in duration, as if being generated by a stochastic process driven by an 
unstable time constant (Fox & Herrmann, 1967; Lehky, 1995). Similarly, when 
alternating tones an octave apart are played out-of-phase to each ear, most listeners 
experience a single tone oscillating from ear to ear, whose pitch also oscillated in 
synchrony with the localization shift (Deutsch, 1974)— a demonstration of rivalry 
between the two ears. 
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Here we set out to test whether rivalry also exists in olfaction, using two odorants that 
are different in structure and smell: phenyl ethyl alcohol (PEA) and n-butanol. Both carry 
a hydroxide radical, but PEA has a benzene ring, whereas n-butanol has a chain structure 
(Fig.l). PEA smells floral and is usually described as a 'rose' smell, while n-butanol has 
the smell of a marker pen. A series of five experiments were conducted in an effort to 




Subjects were healthy non-smokers (aged 18-35 yrs) who reported having a normal 
sense of smell and no respiratory allergy or upper respiratory infection at the time of 
testing. They were blind to the purpose of the study and to the side of the nostril a smell 
was presented. Subjects were blindfolded in Experiments 3 and 5. All gave informed 
consent for participation. 
Olfactory Stimuli 
The olfactory stimuli consisted of Phenyl ethyl alcohol (PEA, 0.5% in propylene 
glycol) and n-butanol (0.5% in propylene glycol) in Experiments 1 and 5, Phenyl ethyl 
alcohol (PEA, 0.5% in propylene glycol), n-butanol (0.5% in propylene glycol), and 
purified water in Experiments 2 and 3, and 1:1 mixture (8ml) of PEA (0.5% in propylene 
glycol, 4ml) and n-butanol (0.5% in propylene glycol, 4ml) in Experiment 4. They were 
presented in same-size narrow-mouth glass bottles, each containing 8ml clear liquid and 
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connected with a Teflon nosepiece. Phenyl ethyl alcohol (PEA, 0.5% in propylene glycol) 
and n-butanol (0.5% in propylene glycol) were supra-threshold stimuli for all subjects. 
Procedures 
Experiments 1 and 4 were carried out in the same session. Twelve subjects (5 males, 
7 females; mean age = 21.8, s.e.m. = 1.4) sampled either the PEA bottle (0.5% in 
propylene glycol, 8ml) or the n-butanol bottle (0.5% in propylene glycol, 8ml) with either 
the left nostril, or the right nostril, or both nostrils, and then rated the familiarity, intensity, 
and pleasantness of the smell on a 100-unit visual analogue scale. The order of the 
samplings was randomized, with a 2-minute break in between the samplings. After all 
ratings were made, subjects were told the labels of the two odorants, i.e. 'rose' and 
'marker'. Half of the subjects then performed the binaral rivalry task (Experiment 1, 
where PEA and n-butanol were presented simultaneously, one to each nostril), followed 
by the mononaral rivalry task (Experiment 4, where two bottles each containing 1:1 
mixture of PEA and n-butanol were simultaneously presented to the two nostrils). The 
other half performed the binaral and mononaral rivalry tasks in the reverse order. The 
binaral rivalry task consisted a total of 20 trials, each started with two low beeps followed 
by a high beep (SOA = Is). At the high beep, the subjects took a single sniff of the PEA 
bottle and the n-butanol bottle simultaneously, and indicated if he/she smelled anything. 
If a smell was detected, they went on and rated how similar the smell was to 'rose' or 
'marker' on a 100-unit visual analogue scale with 'rose' at one end and 'marker' at the 
other end. They then rated the intensity and pleasantness, respectively, of the perceived 
smell, on a 100-unit visual analogue scale. The next trial began immediately after they 
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made the similarity, intensity, and pleasantness ratings. If no smell was detected, one was 
prompted to take another sniff. The sides of the bottles (left nostril vs. right nostril) were 
counterbalanced across subjects. In the mononaral rivalry task, two bottles both 
containing a 1:1 mixture of PEA (0.5% in propylene glycol, 4ml) and n-butanol (0.5% in 
propylene glycol, 4ml) were used. The task was otherwise identical to the binaral rivalry 
task. 
Four out of the twelve subjects (2 males, 2 females) were recruited back for 
Experiment 2, conducted at the same time of the day as the above session (Experiments 1 
and 4). They firstly inhaled through a pair of bottles, one containing either PEA or n-
butanol, the other containing purified water (8ml), for 2 minutes. Subsequently, and 
unknown to the subjects, the nostril that was adapted to PEA or n-butanol was presented 
with the adapting odorant (PEA or n-butanol) again, while the other nostril was presented 
With the non-adapting odorant (n-butanol or PEA). The subjects reported whether they 
perceived predominantly 'marker' or 'rose'. The adapting odorant (PEA vs. n-butanol) as 
well as the adapting nostril (left vs. right) were counterbalanced across the four subjects. 
In Experiment 3, twelve subjects (5 males, 7 females; mean age = 23.4, s.e.m. = 1.3) 
were tested for the effect of adaptation on the perceived intensity of the odorants. They 
firstly sampled either the PEA bottle or the n-butanol bottle with either the left nostril or 
the right nostril and rated the intensity of the smell on a 100-unit visual analogue scale. 
The order of the samplings was randomized, with a 2-minute break in between. They 
subsequently inhaled through a pair of bottles, one containing either PEA or n-butanol, 
the other containing purified water, for 2 minutes. Immediately after that, the subjects 
sampled either the PEA bottle or the n-butanol bottle with either the left nostril or the 
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right nostril, and rated its intensity again. For each subject, the adaptation-testing 
procedure was repeated 16 times [adapting nostril (left vs. right) x adapting odorant (PEA 
vs. n-butanol) x testing nostril (left vs. right) x testing odorant (PEA vs. n-butanol)] in a 
randomized manner, each time with a different combination of adapting nostril, adapting 
odorant, testing nostril, and testing odorant. There was a 3-minute break in between the 
repetitions. 
In Experiment 5, twelve subjects (3 males, 9 females; mean age = 24.8, s.e.m. = 1.4) 
were recruited to assess the role of olfactory receptor adaptation in binaral rivalry. They 
firstly were presented with PEA and n-butanol, respectively, and were told the labels 
('rose' vs 'marker') of the odorants. After that, the subjects simultaneously smelled from 
the PEA bottle and the n-butanol bottle. They were instructed to keep sniffing until they 
did not perceive the smell they initially smelled from the pair of bottles. Immediately 
after that, unknown to the subjects, the two bottles were quickly swapped for half of the 
subjects, each of whom sampled from the bottles and reported what he/she perceived. 
Then, still unknown to the subjects, the two bottles were quickly swapped back and re-
presented to the two nostrils. The subjects reported again what he/she perceived, and 
were asked to compare its strength to that of the previously perceived smell. For the other 
half of the subjects, the two bottles were not swapped the first time but were the second 
time. 
For all the experiments, the subjects were instructed to inhale through their nose but 
exhale via their mouth. 
Results and Discussion 
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Binaral rivalry 
In Experiment 1, Phenyl ethyl alcohol (PEA, 0.5% in propylene glycol, 8ml) and n-
butanol (0.5% in propylene glycol, 8ml) were simultaneously presented to a subject's two 
nostrils, so that one nostril was exposed to PEA while the other was exposed to n-butanol. 
Subjects sampled from the two bottles intermittently, instead of continuously; this is done 
because olfaction is especially prone to adaptation (occurring within 30-40s of odor 
presence) (Poellinger et al., 2001; Sobel et al., 2000). Across the twenty samplings, all 
twelve subjects experienced switches between smelling predominantly the rose smell and 
smelling predominantly the marker smell (similarity ratings ranged from 94% like 'rose' 
to 92% like 'marker'; Fig.la). Some experienced more frequent and drastic switches than 
others. Overall, how biased a subject is towards perceiving the rose smell or the marker 
smell, as reflected by the mean of their similarity ratings across the 20 samplings, follows 
a normal distribution with the mean at 53.9% similar to 'marker' (Fig. lb). However, 
their similarity ratings form a bimodal distribution, with the local maxima at 66% similar 
to 'marker' and 65% similar to 'rose' (Fig.lc). This shows that the observed fluctuations 
(Fig. 1 a cannot be due to large random sampling errors. No predictable pattern of the 
switch is evident across the subjects or within the same subject, in line with what is 
observed in binocular rivalry (Fox & Herrmann, 1967; Lehky, 1995). Nine out of the 
twelve subjects perceived mostly 'marker' at the beginning, possibly because n-butanol 
was a 'stronger' stimulus than PEA. Although rated as equally familiar to the subjects [F 
(1, 11) = 0.048, p = 0.83], n-butanol was perceived to be more intense [F (1, 11) = 12.13, 
p = 0.005] and less pleasant [F (1, 11) = 31.29, p = 0.00016] than PEA, independent of 
the side of the nostrils (left, right, or both) tested [F (2, 22) = 1.26, p = 0.30 for familiarity; 
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F (1.26, 13.81) = 3.32, p = 0.083 for intensity; F (2, 22) = 0.73, p = 0.49 for pleasantness]. 
Such dominance of the 'stronger' competitor is also well documented in binocular rivalry 
(Fahle, 1982; Kaplan & Metlay, 1964; Levelt, 1965). In addition, the intensity of the 
perceived smell decreased over the twenty samplings [F (19, 209) = 1.97, p = 0.011 ], but 
its pleasantness was not affected by the number of times the odorants were sampled [F 
(19,209) = 1.19, p - 0.27]. Across the twelve subjects, there is significant correlation 
between the pleasantness and the similarity ratings (how similar the smell is to 'rose' or 
'marker') of the perceived smell [average r = 0.40, s.e.m. = 0.12, t (11) = 3.30, p = 0.007], 
mirroring the pleasantness difference between PEA and n-butanol. 
The intermittent nature of samplings prevents us from adequately characterizing the 
temporal dynamics of olfactory rivalry, as the interval between two adjacent samplings 
was typically around 20-30s, including the time when the subjects made the similarity, 
intensity, and pleasantness ratings. While fluctuations in dominance and suppression 
occur on the order of seconds in a wave-like fashion (hence not instantaneously) in 
binocular rivalry (with continuous exposure), we cannot infer from the current study 
whether a similar rule applies to binaral rivalry. Still, the dispersion in the bimodal 
distribution of the similarity ratings (Fig. 1) suggests that the transitions between the two 
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Fig. 1. Binaral rivalry, (a) All twelve subjects tested experienced switches between perceiving 
predominantly 'rose' and predominantly 'marker' (y-axis, similarity rating to 'rose' or 'marker' 
on a 100-unit visual analogue scale) over 20 intermittent samplings (x-axis) of PEA and n-butanol, 
one presented to each nostril. Dots above the middle line indicate an olfactory percept of 
predominantly 'rose'. Dots below the middle line indicate an olfactory percept of predominantly 
'marker', (b) Histogram of the means of each subject's similarity ratings across the 20 samplings. 
How biased one is towards perceiving 'rose' or 'marker', as reflected by his/her mean similarity 
ratings, follows a normal distribution with the mean at 53.9% similar to 'marker', (c) Histogram 
of the similarity ratings (240 ratings from 12 subjects, each with 20 samplings). The distribution 
can be modeled with the sum of two normal distributions (dotted curve): 
y = &j.g! snr" +•&$# se&P , where % , P i , fli are the height, mean~ and standard deviation, 
respectively, of the first normal distribution, and h2, fe > "^ 2 are the height, mean, and standard 
deviation, respectively, of the second normal distribution. Here Pi corresponds to 66% similar to 
'marker', and ^ corresponds to 65% similar to 'rose'. 
22 
Cortical and peripheral olfactory adaptations 
Similar to binocular rivalry (Blake, 1989), the binaral competition observed here is 
related to adaption. In Experiment 2, when one nostril was pre-adapted to PEA, and then 
the same nostril was again presented with PEA while the other nostril was presented with 
n-butanol, subjects (N = 4) reported smelling the 'marker' smell. Conversely, when one 
nostril was pre-adapted to n-butanol, and then the same nostril was again presented with 
n-butanol while the other nostril was presented with PEA, the same subjects reported 
smelling the 'rose' smell. 
We further examined the effect of adaptation on the perceived intensity of the 
odorants in Experiment 3. Subjects were adapted for 2mins to an odorant in one nostril, 
and then rated the perceived intensity of the same adapting odorant or a different odorant 
in either the same or the other nostril. As would be expected from adaptation, when either 
PEA or n-butanol was presented to the nostril that had been pre-adapted to it, it was rated 
as much less intense [t (11) = - 4.64, p = 0.001 ] than before the adaptation (Fig.2). One 
interesting question is whether such adaptation is purely peripheral, i.e. only due to the 
fatigue of the peripheral olfactory receptor neurons over prolonged exposure to the 
odorant. We find this not to be the case. When the same odorant was presented to the 
other nostril, which had not been adapted to it, there was also a significant drop of its 
intensity rating [t (11) = -3.57, p = 0.004]; although the effect is less drastic as compared 
to when it was presented to the pre-adapted nostril [t (11) = -2.66, p = 0.022]. Hence both 
cortical and peripheral mechanisms are involved. This adaption is odorant-specific. The 
intensity rating of the odorant (n-butanol or PEA) that had not been adapted to was not 
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affected [t (11) 
(Fig-2). 
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Fig.2. Olfactory adaptation consists of both cortical and peripheral components. Since there was 
no significant effect of adapting side [F (1, 11) = 0.40, p = 0.54], adapting odorant [F (1, 11) = 
0.55, p = 0.47], testing side [F (1, 11) = 0.004, p = 0.95], or testing odorant [F (1, 11) = 0.27, p = 
0.61], the 16 combinations of adapting side, adapting odorant, testing side, and testing odorant 
(see Supplementary Methods for details) are collapsed into four categories: same nostril same 
odorant, same nostril different odorant, different nostril same odorant, and different nostril 
different odorant. Same or different is with respect to the adapting nostril and adapting odorant; e. 
g. 'same nostril same odorant' means the same nostril that had been pre-adapted to an odorant 
(PEA / n-butanol) was presented with the same odorant (PEA / n-butanol). The y-axis depicts the 
difference in the intensity ratings obtained after and before the adaptation on a 100-unit visual 
analogue scale. Error bars represent standard errors of the mean. The asterisks indicate significant 
difference from zero or between conditions, p < 0.05. 
Subsequently in Experiment 4 and 5, we set forth to assess whether both cortical 
adaptation and adaptation of the olfactory receptors contribute to the alternations in 
olfactory percepts described above. We hypothesized that if cortical adaptation is an 
important component of binaral rivalry, alternating olfactory percepts would be 
experienced independent of adaptation in the olfactory epithelium (mononaral rivalry), as 
in monocular rivalry (Campbell, Gilinsky, Howell, Riggs, & Atkinson, 1973). Indeed, ten 
out of the twelve subjects (83%) experienced switches between smelling predominantly 
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'rose' and smelling predominantly 'marker' when they intermittently sampled from two 
bottles, each containing a 1:1 mixture (8ml) of PEA (0.5% in propylene glycol, 4ml) and 
n-butanol (0.5% in propylene glycol, 4ml) (similarity ratings ranged from 90% like 'rose' 
to 92% like 'marker'; Fig.3). Similar to the aforementioned binaral rivalry situation, 
subjects experienced a decrease in the intensity of the perceived smell [F (19, 209) = 2.19, 
p = 0.004] over time. Their pleasantness ratings, again significantly correlated with the 
similarity ratings across subjects [average r = 0.44, s.e.m. = 0 .11 , t ( l l ) = 3.94, p = 0.002], 




0 5 10 !5 20 0 5 10 15 20 5 10 15 20 OS 
MA-M^ /yvV"""1 /WW 
5 10 IS 20 
ppAA 
w is a 
vv\/^^ 
10 15 » 
yv^uAv 
0 5 10 15 JO 5 10 IS » 10 15 20 
Fig.3. Mononaral rivalry. Ten out of the twelve subjects tested experienced switches between 
perceiving predominantly 'rose' and predominantly 'marker' (y-axis, similarity rating to 'rose' or 
'marker' on a 100-unit visual analogue scale) over 20 intermittent samplings (x-axis) of a 1:1 
mixture of PEA and n-butanol. Dots above the middle line indicate an olfactory percept of 
predominantly 'rose'. Dots below the middle line indicate an olfactory percept of predominantly 
'marker'. 
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Concerning the peripheral adaptation at the olfactory epithelium, we hypothesized that 
if it also plays a significant role in binaral rivalry, a swap of the sides of the two olfactory 
stimuli would render the previously suppressed smell perceivable again (in parallel to 
what is observed in binocular rivalry (Arnold, Law, & Wallis, 2008; Blake, Westendorf, 
& Overton, 1980)). To test this idea, in Experiment 5, subjects were instructed to 
simultaneously and continuously sniff from two bottles, one containing PEA (0.5% in 
propylene glycol, 8ml) and the other containing n-butanol (0.5% in propylene glycol, 
8ml), until they can no longer detect the smell they firstly did (e.g. if a subject firstly 
smelled 'marker', he was instructed to keep sniffing until he did not smell the 'marker' 
smell). Then unknown to the subjects, the two bottles were either quickly swapped or not 
swapped and re-presented to the two nostrils. Consistent with our hypothesis, ten out of 
the twelve subjects tested (83%) reported smelling the same smell again (e.g. marker) 
when the bottles were swapped, but not when the bottles were not swapped. 
It is worth nothing that despite the similarities in their perceptual experiences (Fig. 1 & 
Fig.3), binaral rivalry and mononaral rivalry recruit different mechanisms. Whereas 
mononaral rivalry is independent of adaptation in the olfactory epithelia located in the 
two nostrils (Experiment 4), there is a significant peripheral component in binaral rivalry, 
as shown in Experiment 5. These results are consistent with what has been found in 
visual rivalry (Haynes, Deichmann, & Rees, 2005; Logothetis, Leopold, & Sheinberg, 
1996). 
The olfactory system is largely ipsilateral (Gottfried, 2006). Odorants entering one 
nostril are detected by the olfactory epithelium, from which the olfactory information is 
conducted to the ipsilateral olfactory bulb. Axons of the mitral and tufted cells of each 
bulb coalesce and form the olfactory tract, one on each side, which conveys olfactory 
information ipsilaterally to the primary olfactory cortex (anterior olfactory nucleus, 
olfactory tubercle, anterior and posterior piriform cortex, amygdala, and rostral entorhinal 
cortex). The two olfactory tracts are nevertheless connected to each other via the anterior 
olfactory nuclei and the anterior commissure (Kikuta, Kashiwadani, & Mori, 2008; 
Powell, Cowan, & Raisman, 1965), which likely contributes to the central adaptation 
observed here. From the primary olfactory cortex, olfactory information is relayed to 
secondary olfactory regions including the orbitofrontal cortex, insular, additional 
amygdala subnuclei, hypothalamus, mediodorsal thalamus, and hippocampus. Future 
studies of binaral rivalry will further characterize its perceptual properties, delineate the 
neural correlates of cortical and peripheral adaptation, and elucidate the mechanisms of 
olfactory awareness (Jiang & He, 2006). 
Conclusion 
We have shown alternating odor percepts when two different odorants are presented to 
the two nostrils, thereby demonstrating, for the first time, perceptual rivalry in the 
olfactory system. The binaral rivalry involves adaptations at the peripheral sensory 
neurons and in the cortex. Our discovery provides an entirely new perspective the 
workings of olfactory system and the nature of olfactory awareness. Our work sets the 
stage for future studies of this phenomenon, which will further characterize its perceptual 
properties, delineate the neural correlates of cortical and peripheral adaptation, and 
elucidate the mechanisms of olfactory awareness (Jiang & He, 2006). 
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STUDY II: THE EYES SEE WHAT THE NOSE SMELLS 
Introduction 
Whereas our perceptual world is interwoven with sensory inputs from various 
modalities, vision is commonly believed to dominate human perception, as the saying 
goes "seeing is believing". In comparison, human olfaction appears to be vague, fuzzy, 
and unreliable. It is thus not surprising that visual inputs strongly modulate olfactory 
perception. When visual and olfactory cues conflict with each other, olfaction seems to 
be overridden by vision. In an interesting study by Morrot et al., 54 enology students 
were asked to describe the odors of red and white wines. Unknown to these subjects, part 
of the white wine was artificially colored red with an odorless dye. Lexical analysis of 
their descriptions showed that the subjects perceived the colored white wine as a red wine 
(Morrot, Brochet, & Dubourdieu, 2001). On the other hand, when visual cues and 
olfactory cues are semantically congruent, visual cues facilitate olfactory detection, and 
such facilitation has been associated with enhanced neural activity in anterior 
hippocampus and rostromedial orbitofrontal cortex (Gottfried & Dolan, 2003). 
There has been little indication that the reverse could happen, i.e. olfaction can 
modulate vision. Olfactory emotional cues have been suggested to subconsciously 
influence visual emotional perception, but only when visual emotional cues are rendered 
extremely ambiguous (Pause et al., 2004; Zhou & Chen, 2009b). To further probe 
whether there is an active role of the sense of smell in the perceptual integrations of 
olfactory and visual cues, here we introduced smells to a peculiar paradigm: binocular 
rivalry. 
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Binocular rivalry refers to the perceptual alternations that occur when distinctively 
different images are separately presented to the two eyes. On the sensory level, the two 
images both enter the eyes, but due to inhibitory interactions among both monocular 
neurons and binocular pattern-selective neurons, the visual information from the two 
images is not equally passed onto higher stages of processing at a given time, and visual 
competition continue at these higher stages(Tong et al., 2006). These higher areas also 
send feedback projections to earlier visual processing areas and modulate the strength of 
neural inhibition (Tong et al., 2006). Due to adaptation over time, the originally dominant 
image yields to the originally suppressed image, and the visual percept consequently 
switches. Thus subjects do not see a mixture of the two images; instead, they are aware of 
one image at a time. 
To address whether the dynamic process of binocular rivalry can be influenced by 
olfactory cues, we employed two smells (phenyl ethyl alcohol and butanol, with the smell 
of roses and marker pens, respectively), each being congruent with one of the rivalry 
images (Fig.l), and measured the duration of each image in the presence of each of the 
smells. 
Fig. 1. Visual stimulus, with superimposed images of a rose in red and two markers in 




24 healthy non-smokers (9 males, 15 females, mean age = 19.0 yrs, s.e.m. = 0.16) 
participated in the study. All reported to have a normal sense of smell and no respiratory 
allergy or upper respiratory infection at the time of testing, and gave informed consent for 
participation. Half of them participated in experiment 1; the other half participated in 
experiment 2. 
Olfactory Stimuli 
Smells were presented in same-size narrow-mouth glass bottles. Each bottle 
contained 10ml clear liquid and was connected with two Teflon nosepieces via a Y-
structure. The olfactory stimuli in experiment 1 consisted of phenyl ethyl alcohol (PEA, 
0.5% in propylene glycol) and n-butanol (0.25% in propylene glycol), both being supra-
threshold smells to all subjects. Experiment 2 served as a control and two bottles of 
purified water were used. 
Visual Stimulus 
As shown in Fig. 1, the visual stimulus was composed by two superimposed images of 
a rose (in read) and two markers (in green). It was viewed through red-green anaglyph 
eye-glasses with a visual angle of about 10° both horizontally and vertically. 
Procedure 
In experiment 1, twelve subjects were first told the labels of the two smells, i.e. 'rose' 
and 'marker'. They then sampled each smell and rated on a 100-unit visual analogue 
scale its intensity, pleasantness, and similarities to the smells of rose and marker. There 
was a one minute break between the samplings. After that, the subjects completed a 
practice session so that they were comfortable with viewing the composite rose/marker 
image through red-green anaglyph glasses and maintaining their fixation while breathing 
through a bottle. The subjects were asked to inhale through the nose pieces and exhale 
through their mouth for the duration of the image. They pressed one of two buttons when 
they saw predominantly 'rose', and pressed the other button when it switched to 
predominantly 'marker'. Each subject completed the actual binocular rivalry task twice. 
Each time the composite rose/marker image was presented for 60s and the subjects 
indicated what they saw through button pressing while being exposed to PEA or butanol. 
Half of the subjects smelled PEA in the first run, butanol in the second run. The other 
half did the reverse. The two runs were separately by a 5 min break to avoid possible 
interference. 
Experiment 2 followed the same procedure as experiment 1, except that two bottles 
containing purified water were used. The subjects were however instructed that one of the 
bottles contained a low concentration of rose smell and the other bottle contained a low 




The dominant time of the rose image was calculated as the averaged time differences 
between adjacent pressings of first the 'rose' button and then the 'marker' button. 
Similarly, the dominant time of the marker image was calculated as the averaged time 
differences between adjacent pressings of first the 'marker' button and then the 'rose' 
button. The data were analyzed with repeated measures ANOVA, using olfactory 
condition (2 levels, PEA vs. butanol in experiment 1, purified water instructed as having 
rose smell vs. purified water instructed as having marker smell in experiment 2) and 
visual image (2 levels, rose vs. marker) as the within subject factors. Paired sample t tests 
were performed to further compare the dominant time for each image (rose, marker) 
between the olfactory conditions (PEA vs. butanol in experiment 1; purified water 
instructed as having rose smell vs. purified water instructed as having marker smell in 
experiment 2). In addition, to examine whether intensity and pleasantness contributed to 
the dominance of one image versus the other in experiment 1, a mixed linear model was 
built with olfactory condition (PEA vs. butanol) as the factor and intensity and 
pleasantness ratings as the covariates. 
Results and Discussion 
The subjects in the first experiment perceived butanol to be less pleasant (p = 0.026) 
and marginally more intense (p = 0.06) than PEA. Compared with PEA, butanol was 
rated as much more like the smell of marker (p < 0.0001) and much less like the smell of 
rose (p = 0.008). 
Repeated measures ANOVA revealed a significant interaction between olfactory 
condition (PEA vs. butanol) and visual image (rose vs. marker) [F(l, 11) = 8.21, p = 
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0.015, partial eta squared = 0.43], and no significant main effect of either factor [F(l, 11) 
= 0.069, p = 0.80 for olfactory condition; F(l,l 1) = 1.10, p = 0.32 for visual image]. The 
dominant time of the rose image was significantly longer when the subjects smelled PEA 
as compared with butanol [t (11) = 2.26, p = 0.45, fig.2]. On the other hand, the dominant 
time of the marker image was significantly longer when the subjects smelled butanol as 
compared with PEA [t (11) = 3.19, p = 0.009, fig.2]. Although the two smells differed in 
pleasantness and marginally in intensity, these perceptual factors did not bias the subjects 




Marker Image Rose image 
Fig.2. Olfactory cues influenced visual processing. Compared with butanol, the dominant 
time of the rose image was longer and the dominant time of the marker image was shorter 
when the subjects smelled PEA. Error bars represent standard errors of the mean. 
Whereas it could be argued the above results were resulted from subjects' strategies, 
having guessed the purpose of the experiment, rather than the influence of olfactory cues, 





The pseudo rose and pseudo marker smells were rated to be equally intense (p = 0.25) 
in the second experiment. There is a trend that the subjects perceived the purified water 
as more pleasant (p = 0.051, one tailed), more like the smell of roses (p = 0.051, one 
tailed) and less like the smell of markers (p = 0.15, one tailed) when it was suggested as 
containing rose smell as compared to containing marker smell. However, despite being 
susceptible to suggestions when making olfactory judgments, the subjects were not 
influenced by the suggested smell contents in the binocular rivalry task. No interaction 
was found between olfactory condition (water suggested as containing rose smell vs. 
water suggested as containing marker smell) and visual image (rose vs. marker) [F(l, 11) 
= 0.004, p = 0.95], meaning that there was no difference in the dominant time of either 
the rose image [t (11) = 0.27, p = 0.79] or the marker image [t (11) = 0.18, p = 0.86] 
between the two olfactory conditions (water suggested as containing rose smell vs. water 
suggested as containing marker smell) (Fig.3). There was also no significant main effect 
of either olfactory condition [F (1,11) = 0.068, p = 0.80] or visual image [F(l,l 1) = 1.50, 
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Fig.3. Suggestion did not affect binocular rivalry. The dominance time of both the rose 
image and the marker image remained the same under the two conditions in which 
purified water was suggested as containing rose or marker smell. Error bars represent 
standard errors of the mean. 
We thus concluded that the change of the temporal dynamics of binocular rivalry, as 
observed in the first experiment, was not due to the intensity or pleasantness of the smells, 
or some sort of cognitive control of the subjects who had guessed the purpose of the 
experiment. Rather it was the result of the congruency/incongruency between olfactory 
cues and visual inputs. The subjects visually perceived the image of rose for a longer time 
when they smelled the smell of rose; and perceived the image of marker for a longer time 
when they smelled the smell of marker. Whereas the dynamic process of binocular 
rivalry has been reported to be influenced by visual factors like contrast (Mueller & 
Blake, 1989), brightness (Kaplan & Metlay, 1964), contour density (Fahle, 1982), and to 
a certain extent visual attention (Chong, Tadin, & Blake, 2005; Meng & Tong, 2004), 
here we provide the first piece of empirical evidence that it can also be affected by non-
visual factors like olfactory cues. 
In binocular rivalry, the competition between the information from the two images 
occurs at different stages of visual processing (Blake & Logothetis, 2002; Tong et al., 
2006). It is not likely that olfactory input directly acts on the inhibitory interactions 
among the monocular neurons or binocular pattern-selective neurons, as the effect 
observed here relies on the association between a visual object and its smell. Instead, we 
propose that olfactory information influences the competition at some higher visual 
processing stages: strengthening one side and/or weakening the other, in a manner that is 
automatic and independent of cognitive control. It is worth noting that in the current 
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design, the dominance time for one image was naturally the suppression time for the 
other. Thus it remains unclear whether smelling an odorant lengthens the dominance time 
of the congruent image or lengthens the suppression time of the incongruent image. 
Conclusion 
By introducing olfactory cues to the binocular rivalry paradigm, we showed, for the 
first time, that the dynamic process of binocular rivalry can be influenced by non-visual 
cues. Our discovery unambiguously demonstrates that olfaction can also modulate visual 
processing, in other words, the eyes are inclined to see what the nose smells. 
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STUDY III: FEAR-RELATED CHEMOSIGNAL MODULATES FEAR 
RECOGNITION IN AMBIGUOUS FACIAL EXPRESSIONS 
Introduction 
Whereas our knowledge of human chemosensory communication of emotion is still 
limited, it is known that humans do communicate social information through chemical 
signals. The most well-known case is the olfactory modulation of the female reproductive 
cycle (Stern & McClintock, 1998). There has been some indirect evidence that social 
chemosignals communicate emotions. Chemosignals generated by the body of people 
experiencing anxiety and fear produce a significant albeit subtle effect on implicit 
perception and cognitive performance. For instance, while people were more likely to see 
a neutral face as happy when it is preceded by a subliminally presented happy face in the 
absence of olfactory stimuli, this effect was weakened in women when they were exposed 
to the anxiety-related chemosignal (Pause et al., 2004). The anxiety-related chemosignal 
also augmented the startle reflex (Prehn et al., 2006), an indirect measure of emotion. The 
fear-related chemosignal led to greater cautiousness; it made women perform more 
accurately on a word-association task, and react more slowly to ambiguous word pairs 
(Chen et.al., 2006). 
It is common to believe that the role of chemosensory communication is limited in a 
species like humans, in which vision and hearing play dominant roles. While the 
affective content of subliminal common household smells has been found to prime 
likability for neutral faces (Li et al., 2007), the effect of social chemosensory input on 
vision ~ in particular, the extent to which emotional chemosignals modulate visual 
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emotional perception — is largely an open question. By contrast, extensive work exists 
on the cross-modal influence between facial and vocal cues (McGurk & MacDonald, 
1976). For emotional perception, studies have found that the two emotional cues are 
evaluated and integrated from both modalities. Of particular importance to us is the 
recognition that the influence of one emotional modality has the greatest effect on the 
other, when the latter is ambiguous (de Gelder & Vroomen, 2000; Massaro & Egan, 
1996). It is therefore natural to predict that the strongest chemosensory modulation of 
visual emotional perception, if it exists, occurs when the visual emotional cues are most 
ambiguous. 
We have addressed this issue in two experiments by focusing on the effect of a fear-
related chemosignal (sweat collected from donors viewing horror videos) in an emotional 
identification task. We did so by using the same types of olfactory stimuli (emotional 
sweat collected on gauze pad and control gauze pad with no sweat) throughout but varied 
the effectiveness of the visual input by changing the ambiguity of the facial emotions 
from somewhat happy to ambiguous to somewhat fearful. The latter is achieved through 
morphing between prototypical happy and fearful faces of each actor. Gauze pad free of 
chemosensory social information provided a clean baseline for comparison. 
Method 
Participants 
Informed consent was obtained from all subjects involved. We recruited only men as 
sweat donors for their larger apocrine glands in the underarm (Doty, 1981). We recruited 
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only women as odor recipients for their superior sense of smell (Brand & Millot, 2001) 
and sensitivity to emotional signals (Brody & Hall, 2000). 
Eight healthy male non-smokers (mean age ± s.e.m. = 26.1 ± 0.83 yrs) from a larger 
study were chosen as emotional sweat donors (see Olfactory stimuli selection and 
preparation below). Six of them served as sweat donors for the first experiment. Two of 
them served as sweat donors for the second experiment. 
Twenty right-handed women (mean age ± s.e.m. = 19.7 ± 0.26 yrs) participated in a 
pilot testing in which they performed the emotional identification task in the absence of 
olfactory stimuli. None of them participated in the actual experiments. 
In the first experiment, forty-eight right-handed female non-smokers (mean age ± 
s.e.m. = 19.6 ± 0.25 yrs) with a normal sense of smell (phenyl ethyl alcohol threshold 
mean ± s.e.m. in binary dilution steps = 10.78 ±0.61, corresponding to 0.0047% in 
propylene glycol), and regular menstrual cycles (mean ± s.e.m. = 28.7 ± 0.24 days) were 
tested. Threshold was assessed using Sniffin' Sticks (Burghart Instruments, Wedel, 
Germany). Eighteen subjects were on hormone contraceptives. The remainders were 
tested on the 12.8 ± 1.37 day (mean ± s.e.m., from the first day of their period) of their 
menstrual cycles. 
In the second experiment, sixteen right-handed female non-smokers (mean age ± 
s.e.m. = 19.6 ± 0.32 yrs) with a normal sense of smell (phenyl ethyl alcohol threshold in 
binary dilution steps ^ 7, corresponding to 0.0625% in propylene glycol), and regular 
menstrual cycles (mean ± s.e.m. = 30.6 ± 2.06 days) were tested. Two of them were on 
hormone contraceptives. The remainders were tested on the 14.6 ± 2.34 day (mean ± 
s.e.m., from the first day of their period) of their menstrual cycles. 
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Materials 
Olfactory stimuli selection and preparation 
Donors were informed that the study was on physiological and psychological 
responses to sensory stimuli. They refrained from using deodorant/ antiperspirant/ 
scented products, and used scent-free shampoo/conditioner, soap, and lotion (provided by 
the experimenter) two days prior to the sweat collection experiment until after the 
experiment was over. They washed their sheets with the scent-free detergent provided by 
the experimenter. They kept a diet diary and avoided odorous food such as garlic, onion, 
asparagus, and spices. Each donor went through the sweat collection sessions held at the 
same time of the day over three consecutive days (one session per day). On the day of 
each session, they wore next to their skin a new t-shirt (provided by the experimenter) to 
prevent odor contamination of their regular clothes. During each session, they kept a 4" x 
4" pad (rayon/pdlyester for maximum absorbance) under their armpits while they 
watched each of the three 20-minute-long video segments intended to produce the 
emotions of fear, happiness, and neutrality, respectively. Meanwhile, their heart rate was 
recorded using disposable snap electrodes attached to the right collarbone and the left and 
right (ground) rib cage (BIOPAC Systems, Inc. Goleta, CA). The segment presentations 
were counterbalanced. A 5min segment of the same emotional content preceded each 
20min segment, serving as an emotional transition. New pads were used for each segment. 
After each segment, the donors rated on a 100mm visual analogue scale how angry, 
fearful, happy, neutral, and sad they felt while watching the video segment. For each 
donor, only pads worn during the 20min segments that elicited the most self-reported 
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happy and fearful feelings (based on their mood ratings) were chosen. Compared to the 
corresponding neutral videos, donors experienced increased heart rate during the horror 
movies (t (19) = 2.26, p = 0.036, Cohen's d = 0.61), but not during the slapstick comedies 
(t (18) = 0.69, p = 0.50, Cohen's d = 0.21; one donor's heart rate data during the selected 
happy video segment was excluded due to electrode detachment). We then identified 
eight donors who self-reported happiness and fear feelings the most and used their sweat 






















Fig.l. a. Mean strength of self-reported emotions on a 100mm visual analog scale from the six 
donors for the first experiment. The left and right panels are for fearful and the happy video 
segments, respectively, b. Mean strength of self-reported emotions on a 100mm visual analog 
scale during the fearful video segments from the two donors in the second experiment. In all 
cases, error bars represent standard errors of the mean. 
The selected sweat pads were each cut into 8 pieces (sized l"x2"), separated by video 
type, and stored at -80° C. The control (gauze pad with no sweat) was cut and stored in 
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the same fashion. The pads were defrosted to room temperature 30min prior to the 
emotion identification tasks. During the computer-administered emotion identification 
task, a pad was taped underneath a subject's nostrils without directly touching the skin (it 
rested on a plastic wrap). 
Visual stimuli selection 
To create ambiguity in facial emotions, we morphed prototypical examples of happy 
and fearful faces from 9 actors (5 females and 4 males) (Ekman & Frieser, 1976) with 
2.5% increments and thus generated a continuum of 40 images (morphs) for each actor 
between his/her happy photo and his/her fearful photo (Morpher 3.1). The resulting 360 
morphs represent gradual transitions from the prototypical happy expressions (0% fear) 
to the prototypical fearful expressions (100% fear). All morphs were included in our 
pilot testing, which employed the same task and procedure as the actual experiment but 
without applying any olfactory stimuli. 
To locate the ambiguous morphs to he used in the actual experiment, we plotted the 
proportions of faces categorized as fearful separately for each actor and then performed a 
sigmoidal curve fit using the function y = a0 + al /(l + exp(-(x-a2)la3)) (Moradi, Koch, 
& Shimojo, 2005) (a0, as, a2, and a3 are coefficients for the y-offset, height, center, and 
width of the curve, respectively, x is the morphing step, y is the proportion of fear 
responses. See Fig.2). Based on the fitted curve, we were able to identify, for each actor, 
a morphing step that was judged as fearful around 50% (between 45%-55%) of the times. 
This morphing step, as well as morphs that were within 3 steps (each at 2.5% increment 
in terms of the degree of morphing) before or after it [a total of 7 intermediate images 
from each actor, assigned to applied morphing level 1 (somewhat happy), 2, 3, 4 
(ambiguous), 5, 6, and 7 (somewhat fearful) respectively, see Fig.2 and Fig.3a], were 
used in the first experiment. In the second experiment, we selected two actors whose 
images produced greatest chemosensory modulation in the first experiment. Morphing 
levels 2 through 6 from each actor were included in order to provide subjects with the 
context of comparison. Each morphed image was independently presented for five times 
to each subject. 
















Fig.2. Fear responses to the morphs of 2 actors, averaged across 20 subjects in the pilot study. 
The top and bottom panels correspond to the 2 actors, respectively. The open gray circles are the 
averaged measured responses. The grey curves are the sigmoidal fits to the data. The filled grey 
circles on the horizontal axes represent the morphs that were selected for the actual experiment. 
They were assigned to applied morphing level 1 (somewhat happy), 2, 3, 4 (ambiguous), 5, 6, and 
7 (somewhat fearful) respectively. 
Experimental procedures 
In our emotion identification task, female subjects viewed a series of the morphed 
faces and were asked to respond accurately and quickly as to whether each face was 
happy or fearful. The faces were presented in a randomized sequence, each face for 
250ms, and each preceded by 1000ms' fixation cross and followed by up to 2000ms' 
grey background (Fig.3b). If a response is received within 2250ms of the onset of a face, 
it will start the next trial. Otherwise, the next trial will begin 2250ms after the onset of the 
previous face. The tasks were performed at least 5 minutes apart from one another; each 
time, subjects were exposed to a different type of olfactory stimuli applied underneath 
their nostrils. The order of the olfactory applications was balanced. Care was taken so 
that the olfactory stimuli did not come into direct contact with the subjects' skin. Both the 
subjects and the experimenters were blind to the nature of the olfactory stimuli. 
In the first experiment, two types of sociochemosignals (sweat of fear obtained from 
male donors watching horror movies, and sweat of happiness obtained from the same 
donors watching comedies; each carried on a gauze pad), and one non-social control (a 
gauze pad with no sweat) were tested. Each condition consisted of 63 trials. Subjects 
completed the Spielberger's State Anxiety Inventory (Spielberger, Gorsuch, & Lushene, 
1970) after each emotion identification task, before the olfactory stimulus was removed. 
They re-smelled the three olfactory stimuli at the end of the experiment, and described 
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what each smelled like in an open-ended manner. Thirty-six of the subjects also rated the 
olfactory stimuli by their intensity and pleasantness on a 7- point Likert scale. 
Based on the results of the first experiment, the second experiment compared between 
two olfactory conditions: fearful sweat and control pad, focusing on women's perceptions 
of fear in the most ambiguous faces while being exposed to fearful sweat. Each condition 
consisted of 50 trials. The procedures were otherwise identical to the first experiment 
except that the anxiety questionnaire was not used (given that it was found in the first 
experiment not to be related to the olfactory conditions, F (2, 94) = 0.46, p = 0.63). 
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Fig.3. a: Examples of the morphed faces of two actors displayed in the emotion identification task 
in the first experiment. Each actor has 7 morphs ranging from somewhat happy to somewhat 
fearful. These faces have been chosen because they were judged to be fearful 20%-80% of the 
times in our pilot experiment in the absence of any olfactory stimuli. Specifically, level 4 consists 
of the most ambiguous morphs: the corresponding pictures were judged to be fearful in the pilot 
study 45% to 55% of the times, b: Procedure of the emotion identification task. Subjects first saw 
a fixation cross for Is. Then a picture was presented for 250ms, followed by the grey background 
for up to 2s. The next trial began immediately after the subject made a response. The visual angle 
for the faces is 17° x 24°, with heads fixed in a chin rest. Subjects were instructed to respond as 
accurately and as quickly as possible whether they saw a happy face or a fearful face. Half of the 
subjects used their left index fingers to press key 'z' for a happy face and used their right index 
fingers to press key '/' for a fearful face. The other half did the reverse. 
Analyses 
Trials where the subjects did not respond, or responded in less than 200ms after the 
onset of a face (RT < 200ms), were excluded from further analysis. When analyzing the 
response time (RT) data, we also excluded trials where the subjects responded more than 
Is after the disappearance of a face (RT > 1250ms). The trials excluded count for less 
than 5% of the total number of trials. 
The key dependent variable--proportion of faces identified as fearful--was 
calculated as the number of fearful responses divided by the total number of responses at 
each level of applied morphing for each subject. Following our hypothesis that the 
strongest chemosensory modulation of visual emotional perception occurs when the 
visual emotional cues are most ambiguous, we examined the effect of chemosensory 
input for the most ambiguous faces by using repeated measures ANOVA (olfactory 
condition as the within subject factor with three levels: fearful sweat, happy sweat, and 
control pad) in the first experiment and paired sample t test (fearful sweat vs. control pad) 
in the second experiment. The same tests were then performed for the less ambiguous 
levels to further test the hypothesis. 
We conducted similar tests with the RT (at each level of applied morphing), intensity, 
pleasantness, and state anxiety [as measured with the Spielberger's State Anxiety 
Inventory (Spielberger et al., 1970) in the first experiment], respectively, to assess 
whether these variables differ across olfactory conditions. 
In the first experiment, to confirm the effect of visual input on the proportion of faces 
categorized as fearful, we conducted a repeated measures ANOVA using applied 
morphing level (seven levels: from applied morphing level 1 to applied morphing level 7) 
and olfactory condition (three levels: fearful sweat, happy sweat, and control pad) as the 
within subject factors. 
In the second experiment, subjects perceived the fearful sweat to be equally intense (t 
(15) = -0.48, p•= 0.64, Cohen's d = 0.18) but less pleasant (t (15) = -2.91, p = 0.011, 
Cohen's d = 0.81) than the control (Fig.4b). To assess whether pleasantness differences 
contributed to the increased fear identifications (increased proportion of faces identified 
as fearful) at the most ambiguous level, we built a linear mixed model using fear 
identification at the most ambiguous level as the dependent variable, olfactory condition 
(fearful sweat vs. control) as the factor, and pleasantness ratings as the covariate. While 
olfactory condition had a significant effect on fear identifications (F (1, 16.40) = 10:15, p 
- 0.006) at this level, pleasantness did not affect fear identifications (F (1, 25.71) = 0.43, 
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Fig.4. a. Mean intensity and pleasantness ratings of the olfactory stimuli on a 7-point Likert scale 
for the first experiment. Fearful sweat, happy sweat, and the control pads do not differ in either 
intensity (F (2, 70) = 1.84, p = 0.17) or pleasantness (F (2, 70) = 1.15, p = 0.32). b. Mean 
intensity and pleasantness ratings of the olfactory stimuli on a 7-point Likert scale in the second 
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experiment. Fearful sweat is perceived to be equally intense (t (15) = -0.48, p = 0.64) but less 
pleasant (t (15) = -2.91, p = 0.011) than the control pads. In all cases, error bars represent 
standard error of the mean. 
We classified the verbal descriptions of the olfactory stimuli into 9 categories (Table 
SI) based on the semantic similarity of the descriptions. We subsequently performed chi-
square test to examine if the three olfactory stimuli in the first experiment and the two 
olfactory stimuli in the second experiment differ in any of the nine categories. 
Table SI. Subjects' open-ended verbal descriptions of the olfactory stimuli in percentage 
(frequency count). Verbal descriptions were classified into 9 categories. Overall, subjects did not 























































































Results and Discussion 
Figure 5 plots the proportion of subjects fear responses for faces of each level of 
applied morphing under the three olfactory conditions of the first experiment: the fearful 
sweat, happy sweat, and control. Visual input clearly had a strong impact on their 
judgments (F (4.24, 199.05) = 158.70, p < 0.001): morphs that were closer to the original 
fearful pictures were more likely to be judged as fearful. Under the control condition, the 
fear identification naturally grew monotonically with the level of the applied morphing. 
Nevertheless, olfactory input affected the identification when the visual cues became 
most ambiguous, as revealed by a significant effect of olfactory stimuli for the morphing 
level 4 (F (2, 94) = 3.17, p = 0.047, Partial Eta Squared = 0.063), but not for the other 
levels (ps > 0.50). Post-hoc analysis showed that, at this level of applied morphing, 
subjects were more likely to judge a face to be fearful when they were exposed to the 
fearful sweat, as compared with the control (Tukey's p = 0.046, Cohen's d = 0.37). No 
difference was found between the happy sweat and the control (Tukey's p = 0.82, 
Cohen's d = 0.09). This may be because sociochemosensory modulation of visual cues is 
mainly controlled by negative affect. Such negativity bias - greater weight of negative 
over nonnegative events — is widely observed in the contexts of emotion and cognition 
(Cacioppo & Gardner, 1999). It may be argued that happy sweat (generated in response 
to stimuli with socially acquired value) does not carry as much evolutionary salience as 
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Fig.5. a: Subjects' fear identifications for faces of incremental morphing under the three olfactory 
conditions in the first experiment. The dotted line is the sigmoidal curve fit for the fear 
identifications under the control condition. There is a significant effect of olfactory condition with 
the most ambiguous faces (level 4) (F (2, 94) = 3.17, p = 0.047); the observed fear identification 
deviates from the fitted curve. No such effect is seen with the other faces, b: Bar graph showing 
the difference between the observed proportion of fear identification and the predicted value for 
each olfactory condition at applied morphing level 4. The predicted value is determined by the 
fitted curve. In all cases, error bars represent the standard error of the mean. 
To further explore the observed effect, we conducted the second experiment focusing 
on perceptions of fear in the most ambiguous faces while being exposed to the 
chemosignal of fearful sweat from two new donors versus the control. When we 
exclusively analyzed the single most ambiguous morphing level, we found that the 
subjects were more likely to judge a face to be fearful when they were exposed to the 
chemosignal of fearful sweat, as compared with the control (t (15) = 3.27, p = 0.005, 
Cohen's d = 0.74) (Fig.6). For each of the other levels, the difference was not significant 
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Fig.6. a: Subjects' fear identifications for faces of incremental morphing under the two olfactory 
conditions in the second experiment. The dotted line is the sigmoidal curve fit for the fear 
identifications under the control condition. Again, fear identification for the most ambiguous 
faces (Level 4) is significantly higher when the subjects were exposed to fearful sweat as 
compared to the control pad (t (15) = 3.27, p = 0.005). b: Bar graph showing the difference 
between the observed proportion of fear identification and the predicted value for each olfactory 
condition at applied morphing level 4. The predicted value is determined by the fitted curve. The 
fear identification under the fearful sweat condition is also significantly different from the 
predicted value at level 4 (t (15) = 2.54, p = 0.022). In all cases, error bars represent the standard 
error of the mean. 
The effect of chemosignal of fearful sweat cannot originate from the speed of 
processing. Olfactory input did not significantly affect how fast the subjects responded to 
the faces at any morphing level (ps > 0.46 in the first experiment, ps > 0.51 in the second). 
In addition, the effect cannot be the result of its intensity or pleasantness. In the first 
experiment, subjects did not tell the three olfactory stimuli apart in either intensity or 
pleasantness rating (F (2, 70) = 1.84, p = 0.17, Partial Eta Squared = 0.050, for intensity; 
F (2, 70) = 1.15, p = 0.32, Partial Eta Squared = 0.032, for pleasantness) (Fig.4a). In the 
second experiment, subjects perceived the fearful sweat to be equally intense (t (15) = -
0.48, p = 0.64, Cohen's d = 0.18) but less pleasant (t (15) = -2.91, p = 0,011, Cohen's d = 
0.81) than the control (Fig.4b). Yet the difference in the pleasantness did not affect 
emotional perceptions of the ambiguous faces (Linear mixed model, F (1, 25.71) = 0.43, 
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p = 0.52). In addition, the subjects did not distinguish the olfactory stimuli on the basis 
of odor quality [Table S1 > x2(2)s < 8.4, Bonferroni corrected ps > 0.13 in the first 
experiment; x2(l)s < 1> Bonferroni corrected ps > 0.9 in the second experiment]. Finally, 
the effect cannot be due to fear- and anxiety- related arousal, since the subjects did not 
differ in self-reported anxiety in the first experiment (F (2, 94) = 0.46, p = 0.63, Partial 
Eta Squared = 0.01). 
Instead, we propose that the effect we have observed has its origin in evolution. 
Through learning, chemsensory input became associated with fearful visual information 
and acquired emotional value. Encountering fear-related chemosignals in the presence of 
ambiguous faces triggers that previously stored association, and leads to greater 
perceptions of fear in the ambiguous face (err on the cautious side, much like freezing 
upon seeing a twig that looked like a snake (LeDoux, 1996)). This likely occurs on a 
subconscious level, as subjects reported the same level of fear-related anxiety across 
different olfactory conditions, and were verbally unaware of the nature of the conditions. 
Chemosignaling of fear in the form of alarm pheromones is well documented in many 
animals. It serves warning purposes, produces heightened vigilance or escape behavior, 
and alters autonomic (stress-induced hyperthermia), and immune (analgesia) responses in 
the conspecific recipients (Wyatt, 2004; Zalaquett & Thiessen, 1991). Although the 
vomeronasal organ is usually implicated in the detections of alarm pheromones 
(Kiyokawa, Kikusui, Takeuchi, & Mori, 2007), the olfactory epithelium (input site of the 
main olfactory system) (Kobayakawa et al., 2007; Liberies & Buck, 2006; Rottman & 
Snowdon, 1972) has also been shown to respond to these social cues. Moving down the 
main olfactory pathway, the amygdala, a primary olfactory region which receives direct 
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chemosensory input from the olfactory bulb, has been widely implicated in fear 
recognition and fear/sensory modality association learning (Dolan, Morris, & de Gelder, 
2001; Otto, Cousens, & Herzog, 2000; Rosenkranz & Grace, 2002). It receives parallel 
subcortical and cortical visual input and processes fearful visual information (Morris, 
Ohman, & Dolan, 1999). It also processes fear-related chemosignals in rats (Kiyokawa, 
Kikusui, Takeuchi, & Mori, 2005), sending the input from the olfactory bulb to the bed 
nucleus of the stria terminalis, which is then forwarded to the hypothalamus and the brain 
Stem. Such main olfactory pathway for fear-related chemosignals likely applies to 
humans, who lack typical receptor cells in the vomeronasal organ (Bhatriagar & Smith, 
2001). It is thus plausible that the amygdala is the site where the integration of the fearful 
visual and chemosensory information takes place. When facial expressions are 
ambiguous, the fear-related chemosignal augments the recognition of fearful signals in 
the face, and pushes it above a threshold level. 
Our results provide direct support to the view that human emotional chemosignals act 
upon our behavior and cognition in a manner that is consistent with their inherent 
emotional contents, as implicated in several previous studies (Ackerl et al., 2002; Chen & 
Haviland-Jones, 2000; Chen et al., 2006; Pause et al., 2004; Prehn et al., 2006). Our work 
has focused on one negative emotion, fear. It motivates future studies to examine more 
than one negative emotions (e.g., also employ Happy- Angry and Angry-Fearful morphs). 
Such studies will be important to fully establish the extent to which the chemosensory 
modulation of emotional recognition is emotionally specific beyond fear. 
Finally, we note that our findings on emotional chemosensory modulation of visual 
emotional perception add the olfactory dimension to the crossmodal integration of 
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emotional cues that had been discussed in the context of visual and auditory stimuli (de 
Gelder & Vroomen, 2000; Massaro & Egan, 1996). The latter literature has established 
that the perception of an ambiguous sense is modified by the less ambiguous sense. 
Interestingly in our case here, emotional olfaction, while being the less ambiguous sense 
compared to the most ambiguous morphed faces, is itself still ambiguous. Its nature is not 
accessible through verbal descriptions, and its effects occur at the subliminal level. These 
features are also characteristics in studies involving nonsocial pleasant and unpleasant 
smells and neutral faces in the context of judging facial likeability (Li et al., 2007). In 
addition, we have shown that the intensity and pleasantness qualities of the olfactory 
stimuli do not contribute to the effect. 
Conclusion 
We examined in two experiments the modulation of the perception of facial emotions 
by emotional chemosignals. We demonstrated that chemosignal of fearful sweat, 
compared with the control pad, biased women toward interpreting ambiguous expressions 
as more fearful, but had no effect when the facial emotions are more discernable. Our 
findings provide direct behavioral evidence that social chemosignals can communicate 
emotions (as do visual and auditory signals), and demonstrate that fear social 
chemosignals modulate visual emotional perception in an emotion-specific way. 
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STUDY IV: FAMILIARITY SHARPENS OLFACTORY DETECTION OF 
CHEMOSENSORY EMOTIONAL CUES 
Introduction 
Decoding socioemotional cues, especially those from familiar individuals, is of 
particular importance in human social functioning. Superior processing of familiar 
people's emotional expressions is evident in infants as young as 3.5 months old (Kahana-
Kalman & Walker-Andrews, 2001) and well persists into adulthood (Elfenbein & 
Ambady, 2003). Case study has revealed emotion processing of familiar voices even in 
minimally conscious state (Bekinschtein et al., 2004). In parallel, neuro-imaging studies 
on healthy participants demonstrate that the processing of familiar faces or voices recruits 
a wider range of brain regions compared to unfamiliar ones(Belin, Fecteau, & Bedard, 
2004; Haxby, Hoffman, & Gobbini, 2000; Leveroni et al., 2000; Shah et al., 2001; von 
Kriegstein, Eger, Kleinschmidt, & Giraud, 2003). 
Similar to faces and voices, natural human body odors also convey identity (Porter & 
Moore, 1981; Russell, 1976; Wallace, 1977; Weisfeld, Czilli, Phillips, Gall, & Lichtman, 
2003), familiarity (Olsson, Barnard, & Turri, 2006; Weisfeld et al., 2003), and emotional 
information (Chen & Haviland-Jones, 2000; Chen et al., 2006; Pause et al., 2004; Zhou & 
Chen, 2008, 2009b), and contribute to bonding (Porter & Winberg, 1999) as well as mate 
choice (Chaix, Cao, & Donnelly, 2008; Herz & Inzlicht, 2002; Jacob, McClintock, 
Zelano, & Ober, 2002; Ober et al., 1997). Body odors from familiar individuals are 
processed differently in the brain from those of unfamiliar people (Lundstrom, Boyle, 
Zatorre, & Jones-Gotman, 2008). On the other hand, whereas facial or vocal emotions are 
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explicit and readily recognizable (Wallbott & Scherer, 1986), chemosensory emotional 
cues are subtle and tend to operate at a subconscious level (Prehn et al., 2006; Zhou & 
Chen, 2008, 2009b). Here we address whether the detection of chemosensory emotional 
cues is also modulated by familiarity. 
We recruited twenty pairs of heterosexual couples. Each served as both sweat donor 
and odor recipient. Sweat was collected when the subjects underwent different emotional 
states (happiness, fear, sexual arousal), as well as when they felt neutral. The detection of 
the chemosensory emotional (happy, fearful, or sexually aroused) cues for one's partner 
was compared with that for opposite sex strangers. Possible confounding variables 
including general olfactory sensitivity and olfactory naming ability were also assessed. 
Method 
Participants 
Twenty pairs of heterosexual couples (mean age = 27.7 yrs, SEM = 0.77) participated 
in the study. All gave written informed consents for participation. They had spent 1 to 7 
years together with their partner and were unrelated to the other subjects. All were 
healthy non-smokers with normal olfactory sensitivity (mean threshold for phenyl ethyl 
alcohol = 0.0023%, SEM in binary dilution steps = 0.36) and olfactory naming ability 
(mean score on Smell Identification Test = 36.6, SEM = 0.48). All females were not on 
hormonal contraceptives at the time of the study. 
Procedure 
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Threshold of phenyl ethyl alcohol (PEA, diluted in propylene glycol in binary 
dilution steps and stored in glass bottles) was assessed using a triple-forced-choice 
ascending staircase with reversal design (Hummel, Sekinger, Wolf, Pauli, & Kobal, 
1997). Olfactory naming was assessed using the Smell Identification Test (SIT, 
Sensonics Inc., Hadden Heights, NJ) — a 40-item multiple-choice test that assesses one's 
ability to name common household smells. The main study consists of two phases: sweat 
collection and sweat judgment. 
Phase I: Sweat collection 
Participants refrained from using deodorant/antiperspirant/scented products, and used 
scent-free shampoo/conditioner, soap, and lotion provided by the experimenter from two 
days prior to the sweat collection sessions until the end of the sessions. They washed their 
sheets with scent-free detergent provided by the experimenter, kept a diet diary, and 
avoided odorous food such as garlic, onion, asparagus, and spices. 
Each participant went through sweat-collection sessions held at the same time of day 
on 3 consecutive days (one session per day). On the day of each session, they wore next 
to their skin a new T-shirt (provided by the experimenter), to prevent odor contamination 
by their regular clothes. During each session, they kept a 4- x 4-in. pad (rayon-polyester 
blend for maximum absorbance) under each armpit while they watched each of four 20-
min video segments intended to produce the emotions of happiness (slapstick comedies), 
fear (horror movies), and sexual arousal (sexual intercourse between heterosexual 
couples), as well as a neutral state (educational documentaries), respectively. Different 
videos were shown in each session. The order in which the videos were presented was 
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counterbalanced. Each video was preceded by a 5-min segment of the same emotional 
content, which served as an emotional transition. New pads were used for each video. 
After watching each video, the participants rated how angry, fearful, happy, neutral, 
sad, and sexually aroused they felt during the video, using a 100-mm visual analog scale. 
Based on the mood ratings, we selected from each participant the pads worn during the 
20-min videos that elicited the highest levels of the target emotions (happiness, fear, 
sexual arousal, and neutrality, respectively), which were used in the later sweat 
judgments. Further analyses pertaining to mood induction were based on these selected 
videos/sweat samples. 
Once collected, sweat pads were stored in separate small jars, coded by an individual 
not involved in the study, and kept at -80° C until subsequent testing. A total of 40 sets of 
jars were used in the Phase II sweat judgments, each from one of the couples. Each set 
contained four jars with happy, fearful, sexual and neutral sweat pads, respectively, from 
the same donor. 
Phase II: Sweat judgment 
The participants were randomly assigned to two groups, each containing 10 pairs of 
couples. Each participant judged the sweat samples from the ten opposite sex individuals 
in his/her group, over a course of five sessions held at the same time of the day. Thus out 
of the 10 sets of sweat samples one judged, one set was from his/her partner, the other 
nine were from nine opposite sex strangers. The order of the sets was randomized across 
the participants. During the experiment, the experimenter sat behind a screen. Both the 
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participants and the experimenters were blind to the identities and the emotional contents 
of the sweat samples. 
The judgment of each set began with a difference task, in which the participants were 
presented with three jars, one at a time, and were asked to pick out the one that smelled 
different from the other two. Two of the jars contained a neutral sweat pad (unknown to 
the participants, the same jar containing neutral sweat was presented twice); one 
contained an emotional (happy, fearful, or sexually aroused) sweat pad. The task was 
repeated twice for each of the emotions for a total of 6 trials in a randomized manner, 
with a 30s break in between the trials. After that, the participants were presented with all 
four jars (with happy, fearful, sexual, and neutral sweat, respectively) and rank ordered 
them by their intensity and pleasantness, respectively. In addition, they were asked to 
identify from the four jars the one containing smells from people when they experienced 
a particular emotion (happiness, fear, or sexual arousal). This was also repeated twice for 
each emotion for a total of 6 trials in a randomized manner. Lastly, the participants rated 
on a 7 point Likert scale how similar the set of sweat samples smelled like his/her partner 
(1 = not at all, 7 = very much so). 
Analyses 
The effect of familiarity on the detection of chemosensory emotional cues (difference 
task) was assessed using repeated measures ANOVA, with familiarity (partner vs. 
opposite sex stranger) and emotion (3 levels: happiness, fear, sexual arousal) as the 
within subject factors, gender as the between subject factor, and olfactory sensitivity 
(threshold for PEA) and olfactory naming ability (SIT score) as the covariates. The same 
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procedures were applied to examine the effect of familiarity on the identification of the 
emotional contents of the sweat samples. Similarly, to test whether the participants rated 
partners and opposite sex strangers differently on how similar the sweat samples smelled 
like their partner, familiarity (partner vs. opposite sex stranger) was set as the within 
subject factor, gender as the between subject factor, and olfactory sensitivity and 
olfactory naming ability were used as covariates. Wilcoxon signed ranks tests were 
performed to assess whether the intensity and pleasantness of the sweat samples were 
ranked differently for partner and opposite sex strangers. In addition, to quantify the 
effect of familiarity, a partial correlation analysis was performed between the accuracies 
of chemosensory emotional detection for partners (difference test, averaged across the 
three emotions) and the years the couples had spent together, controlling for their actual 
ages. 
Results and Discussion 
Mood induction 
The participants reported experiencing mostly the target emotions of happiness, fear, 
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Fig. 1. Mean strength of self-reported emotions on a 100mm visual analog scale while the 
participants watched happy, fearful, erotic, and neutral video segments, respectively. Error bars 
represent standard errors of the mean. 
Sweat judgment 
The participants were significantly above chance level in telling apart emotional 
sweat from neutral sweat for both partners (mean accuracy = 0.55, 0.68, 0.70, for happy, 
fearful, and sexually aroused sweat, respectively, vs. chance = 0.33, ps < 0.01, Boferroni 
corrected) and opposite sex strangers (mean accuracy = 0.52, 0.63, 0.65, for happy, 
fearful, and sexually aroused sweat, respectively, vs. chance = 0.33, ps < 0.01, Boferroni 
corrected), with no significant difference between males and females [F(l, 35) = 0.75, p 
= 0.39]. There was a marginally significant main effect of emotion [F(2, 70) = 2.59, p = 
0.082]. Pairwise comparisons showed that the participants were less accurate at 
differentiating happy sweat from neutral sweat, as compared with differentiating fearful 
sweat or sexual sweat from neutral sweat (p = 0.039 and 0.006, respectively, Boferroni 
corrected). Regardless of the gender [no significant interaction with familiarity, F(l, 35) 
= 0.22, p = 0.64] and the emotional contents (happiness, fear, or sexual arousal) [no 
significant interaction with familiarity, F(2, 70) = 1.83, p = 0.17], the participants were 
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more accurate at discerning the chemosensory emotional cues from their partner as 
compared to those from opposite sex strangers [F(l, 35) - 5.04, p = 0.031, partial eta 
squared = 0.13, Fig.2a]. In addition, there is a significant positive correlation between the 
number of years one had spent together with their partner and their accuracies in the 
olfactory detection of their partner's chemosensory emotional cues [r (37) = 0.42, p = 
0.008, controlling for their actual age, Fig.2b]. 
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Fig.2. Familiarity sharpens olfactory detection of chemosensory emotional cues, a: The 
participants were better at differentiating between emotional (happy, fearful, or sexually aroused) 
and neutral sweat samples for partners than for opposite sex strangers. Since there is no 
significant interaction between gender and familiarity, or emotion and familiarity (see Results and 
Discussion), the detection accuracies are collapsed across the emotions for male and female 
judges, controlling for olfactory threshold and olfactory naming ability. Error bars represent 
standard errors of the mean, b: The detection of partner's chemosensory emotional cues (averaged 
across the three emotions of happiness, fear, and sexual arousal) improved with the number of 
years the couples had spend together, adjusting for their actual ages. Each circle represents a 
participant. The dotted line shows the linear fit of the circles. 
The superior chemosensory emotional detection for partners cannot be because some 
donors' emotional sweat samples were perceptually more distinctive than others, as each 
donor served as the partner for one of the sweat judges, and as an opposite sex stranger 
for the other nine judges (see Method). In addition, the rankings of the happy, fearful, 
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sexually aroused, and neutral sweat pads are not significantly different between partner 
and opposite sex strangers on either intensity (ps > 0.26) or pleasantness (ps > 0.32). 
When asked to identify the jars containing happy, fearful, or sexually aroused sweat, 
the participants were mostly at chance for both partner (mean accuracy = 0.24, 0.24, 0.20 
for happiness, fear, and sexual arousal, respectively, vs. chance = 0.25) and opposite sex 
strangers (mean accuracy = 0.24, 0.27, 0.29 for happiness, fear, and sexual arousal, 
respectively, vs. chance = 0.25), with no significant difference between males and 
females [F(l, 35) = 2.34, p = 0.14], or among the emotions [F(2, 70) = 0.42, p = 0.66], or 
between partner and opposite sex strangers [F(l, 35) = 0.26, p = 0.61]. In addition, both 
male and female participants [no significant interaction with familiarity, F(l, 35) = 0.69, 
p = 0.41] rated their partner's sweat samples and opposite sex strangers' sweat samples as 
equally similar to the smell of their partner [F(l, 35) = 0.32, p - 0.58]. Thus the 
participants were verbally unaware of the emotional contents of the sweat samples from 
both their partner and opposite sex strangers, and did not know if they were smelling the 
sweat samples from their partner or an opposite sex stranger, yet they demonstrated 
superior chemosensory detection of the emotional cues from their partner. 
Relationship to other studies 
Olfactory communication of emotions among individuals within the same species is 
well documented in the animal world (Wyatt, 2003). In humans, emotion detection is 
commonly believed to rely upon facial and vocal cues. Here we extend the findings of 
some previous studies (Ackerl et al., 2002; Chen & Haviland-Jones, 2000) and show that 
people are also capable of detecting the emotional cues carried by natural human body 
odors, despite not verbally aware of it. Such differentiation between emotional sweat and 
neutral sweat goes beyond simple perceptual differences among the sweat samples. 
Overall, there is no significant difference in the intensity rankings between either of the 
emotional sweat and neutral sweat (p = 0.42, 0.14, and 0.11, for happy, fearful, and 
sexually sweat, respectively); and there is no significant difference in the pleasantness 
rankings between happy sweat and neutral sweat (p = 0.18) or sexual sweat and neutral 
sweat (p = 0.90). The participants exhibited better detection for fear and sexual arousal 
than happiness, as consistent with what has been observed using visual cues (Jiang, 
Costello, Fang, Huang, & He, 2006; Pourtois, Grandjean, Sander, & Vuilleumier, 2004). 
It can be argued that these two emotions, being related to survival and reproduction, carry 
more evolutionary salience than happiness. 
Critically, we demonstrate that familiarity enhances the chemosensory detection of 
emotional cues, irrespective of the perceptual properties of the sweat samples. This is the 
case for both males and females and for all the three emotions tested (happiness, fear, and 
sexual arousal). Yet the participants could not verbalize if the sweat samples belonged to 
their partner or an opposite sex stranger. In addition, there is a significant linkage 
between the number of years couples have spent together and their sensitivities to the 
chemosensory emotional cues from their partner, suggesting that one's ability to detect 
partner's emotional changes via chemosensory cues improves with the time they spend 
together, after controlling for possible age related reductions in olfactory sensitivities. 
Whereas familiarity is known to facilitate facial emotion recognition (Elfenbein & 
Ambady, 2003), our findings provide the first piece of empirical evidence that familiarity 
also subconsciously sharpens one's sensitivity to chemosensory emotional cues. 
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Though rarely the subject of attention, the chemosensory cues of natural body odors 
are automatically processed in the brain, which recognizes their socioemotional contents 
(Zhou & Chen, 2008, 2009c), and distinguishes between odors from familiar individuals 
and strangers (Lundstrom et al., 2008). Future studies will help elucidate the neural 
correlates of the familiarity induced sensitivity to chemosensory emotional cues. 
Conclusion 
The communication between couples transcends facial expressions and voices. Here 
we demonstrate superior detection for partner's chemosensory emotional cues, which 
improves over time, yet stays below verbal awareness. Our work extends the facilitation 
of familiarity for emotional processings to the olfactory domain, and adds to the 
understandings of human chemosensory emotional communication. 
STUDY V: SOCIOCHEMOSENSORY AND EMOTIONAL FUNCTIONS: 
BEHAVIORAL EVIDENCE FOR SHARED MECHNISMS 
Introduction 
Human communication is often considered to be dominated by vision. Still, evidence 
has been emerging that social chemosensory signals also play an important role. Natural 
sweat secreted from human body has been shown to convey individual identity (Porter & 
Moore, 1981; Russell, 1976; Wallace, 1977; Weisfeld et al., 2003), familiarity 
(Lundstrom et al., 2008; Olsson et al., 2006; Weisfeld et al., 2003), and genetic 
relatedness (Porter, 1998), in addition to signaling reproductive state (Stern & 
McClintock, 1998) and affect (Chen & Haviland-Jones, 2000; Chen et al., 2006; Pause et 
al., 2004; Zhou & Chen, 2009a). Such chemosensory signals are believed to have 
particularly prior access to emotion due to the evolutionary affinity and anatomical 
overlap between olfaction and emotion. Being phylogenetically the oldest sense, 
chemosensation is evolutionarily advantaged to assume the role of socioemotional 
communication (Gloor, 1997; Gorbman, 1995), and is believed to have contributed to the 
evolution of the socioemotional brain (Barton, 2006; Barton & Im Dunbar, 1997; Gloor, 
1997; Gorbman, 1995; MacLean, 1990). Chemosensory signals are ubiquitously used in 
the animal kingdom to convey individual/group identity and attraction /repulsion (Wyatt, 
2003). The olfactory pathways underlying sociochemosensory processing consist of the 
amygdala, hypothalamus, and the medial and lateral orbitofrontal cortex (Neville & 
Haberly, 2004). All of these are structures well known to partake in processing emotions 
and biological functions with important social implications (Dolan, 2002). Accordingly, 
empirical evidence is accumulating that olfaction influences hedonic experience 
(Anderson et al., 2003; Bensafi et al., 2004; Herz & Cupchik, 1995; Jacob & McClintock, 
2000; Li et al., 2007) and vice versa (Chen & Dalton, 2005; Li, Howard, Parrish, & 
Gottfried, 2008). Yet to probe their functional relatedness, a direct comparison between 
the processings of sociochemosensory and emotional information is lacking. Since 
considerable individual variation has been observed in both sociochemosensory (Chen & 
Haviland-Jones, 2000; Olsson et al., 2006) and socioemotional processings (Ekman & 
Oster, 1979; Lane, Quinlan, Schwartz, Walker, & Zeitlin, 1990), here we assess their 
relationship by testing whether the individual variance in sociochemosensory recognition 
can be mapped onto the variance in socioemotional perception. 
Given that individual recognition is one of the most ubiquitous forms of social 
communication, we employed olfactory identification of familiar others as an index of 
sociochemosensory skills/competency. Body odors of female roommates were used as 
the target sociochemosignals. Possible confound factors, including subjects' olfactory 
threshold and olfactory naming as well as the intensity and pleasantness of the olfactory 
stimuli, were also assessed. Following standard practice, we assessed subjects' 
socioemotional skills/competency by measuring their cognitive and perceptual awareness 
of others' emotions. 
Method 
Participants 
We recruited only women because of their overall superior sense of smell (Brand & 
Millot, 2001), particularly their superior olfactory ability to recognize familiar others 
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(Olsson et al., 2006), and their greater sensitivity to emotional signals (Broday & Hall, 
2000). Twenty-two pairs of female roommates, aged about 20 yrs (s.e.m = 0.18, range 18 
to 22) participated in the study. They had spent an average of 12.82 months as 
roommates at the time of the study (s.e. m. = 1.23 months, range = 3 to 36 months). They 
served as both sweat donors and judges. Seventy percent of the subjects (31 out of 44) 
were not on hormone contraceptives. Hormone contraceptives did not influence either the 
qualities of the body odors produced [t(42) =1.00, p =0.32], or a subject's olfactory 
ability to identify her roommate [t(42)-= -0.51, p =0.6]. Subjects were not menstruating at 
the time of participation. 
Materials and Procedure 
Preparation of sociochemosensory stimuli 
Sweat donors were informed that the study was to examine people's responses to 
different types of smells. No reference was made to identifying the roommate by her t-
shirt. Starting two days prior to the experiment until after the session was over, they 
refrained from using deodorant/ antiperspirant/ scented products, and used scent-free 
shampoo/ conditioner, soap, and lotion provided by the experimenter. Each of them was 
instructed to wash their beddings with the scent-free detergent provided by the 
experimenter. They were each given an unused t-shirt kept in double sealable plastic bags. 
Each was also instructed to take a shower before bed, avoid sex on the evening of the 
sweat sample collection, and sleep in the given t-shirt continuously for a minimum of 7 
hours. Donors reported to have worn the shirt continuously for an average of 8.71hrs 
(s.e.m.=l .45). Each shirt was placed in double sealable plastic bags and returned within 
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the same day after it was taken off (s.e.m. = 0.07 day). Each received shirt was then kept 
in a -20 degree C freezer until testing. The shirts were defrosted to room temperature at 
least 30 minutes before the roommate identification test. 
Assessment of sociochemosensory competency 
Tested individually across two separate trials in this double-blind study, sweat judges 
were presented with a set of three shirts identical in appearance, one at a time. They were 
then asked to pick the one that smelled most like their roommate. They rated verbally on 
a 7 point scale their level of confidence following each identification (1 = not at all 
confident, 7 = extremely confident). No feedback was provided. Each shirt was labeled 
with random letters by an individual not involved in the study. Neither the experimenters 
nor the subjects knew whom the shirt belonged to. Following roommate identification, 
subjects were presented with the same set of three shirts, and asked to pick the one that 
smelled the most pleasant. They were then presented with the remaining two shirts, and 
asked to pick the more pleasant of the two. Intensity was assessed separately in the same 
fashion. The same procedure was then repeated in the second trial. 
General olfactory threshold and naming 
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Threshold of phenyl ethyl alcohol (PEA, diluted in propylene glycol in binary 
dilution steps) was assessed with Sniffin' Stick (Burghart Medical Technology, Wedel, 
Germany), using a triple-forced-choice ascending staircase with reversal design (Hummel 
et al., 1997). Subjects were presented with 3 sticks — one containing the target smell, the 
other two the diluent — and asked to identify the target. They were presented with a lower 
concentration if they had made 2 consecutively correct identifications, and a higher 
concentration immediately after they made a single error. Threshold was calculated base 
on the average of the last four reversals. 
Olfactory naming was assessed using the Smell Identification Test (SIT, formerly 
UPSIT, Sensonics Inc., Hadden Heights, NJ) --. a 40-item multiple-choice test that 
assesses one's ability to name common household smells. 
Assessment of emotional competency 
Cognitive measure of emotional competency was obtained using the Levels of 
Emotional Awareness Scale (Lane et al., 1990), of self-reported emotional differentiation 
and complexity. Subjects responded to how a person other than themselves would feel in 
20 scenarios (e.g., getting lost in a foreign country). Subjects received the lowest score (0) 
if no emotional word was mentioned, and the highest score (4) if they mentioned more 
than one complex emotions which differ in meaning (e.g., frustrated and sympathetic). 
Responses were coded independently by two coders according to LEAS scoring manual 
and glossary (Lane, 1991). Inter-coder agreements were perfect. The highest possible 
score for awareness of someone else's emotions is 80. 
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The perceptual measure of emotional competency involves identifications of basic 
facial emotions. Subjects viewed 20 facial images [10 male and 10 female, selected from 
(Ekman & Frieser, 1976)] that depicted five prototypical emotions of fear, sadness, anger, 
disgust, and happiness. Each image was displayed for 250 ms. Following each display, 
subjects entered a single verbal label of what the emotion was. An exact or close (using a 
variation of the emotional term e.g. "scared" instead of "fearful") match to the Original 
emotional label was coded as correct. The proportion of facial emotions correctly 
identified was generated by Summing the correct responses and dividing them by the total 
number of images. 
Experimental procedure 
Subjects were told that they were participating in a study on olfactory and visual 
information processing. No reference to roommate identification was made. Each subject 
participated in 2 sessions held on separate days. In session 1, they performed the 
olfactory threshold and naming tests and completed the tasks on emotional awareness and 
facial emotion recognition. In session 2, held at the same time of the day as sessionl, 
they performed the roommate identification task. Subjects were blindfolded on all 
olfactory tasks. 
Analyses 
To assess the relationship between sociochemsensory recognition and 
socioemotional perception, we adopted two approaches. We tested whether subjects' 
performance in the chemosensory recognition of roommate reflects their emotional 
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competency. We also examined the converse, viz. whether emotional competency mirrors 
performance in sociochemosensory recognition. 
To address the first question, we classified the subjects into three groups based on the 
total number of times a subject correctly identified her roommate by smell (correct 
neither time, n = 21; correct once, n = 10; and correct both times, n = 13). Since the 
chance accuracy of roommate identification is 33%, the subjects who were correct neither 
time (0%) and some of the subjects who were correct once (50%) were merely guessing. 
One-way ANOVAs and Kruskal-Wallis tests were conducted to examine whether PEA 
and SIT scores, as well as intensity and pleasantness rankings of roommate's odor, 
respectively, differed among these three groups of subjects. Univariate ANOVAs were 
then performed on levels of emotional awareness and proportion correct of facial emotion 
identifications, respectively, with roommate identification (0, 1, 2) as the independent 
variable and subjects' PEA threshold as the covariate (marginally differed by roommate 
identification performance, see Results and Discussion for details). 
We then adopted a standard bootstrapping procedure (Davison & Hinkley, 1997) that 
more clearly demonstrates the distinct distribution of emotional competency in each 
group. From the original dataset of each group (correct neither time, correct once, and 
correct both times), a bootstrapped dataset with the same sample size (21, 10, and 13, 
respectively) was nonparametrically resampled with replacement (i.e., a participant could 
be selected more than once). The mean of this bootstrapped sample was then calculated 
and plotted as one of the points (x, y) in Fig.lc, with horizontal (x) and vertical (y) axes 
showing the cognitive and perceptual (visual) awareness of other's emotions, respectively. 
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The same procedure was repeated 1,000 times to estimate the population means and 
variations for each group (Fig. 1 c). 
To address the second question (whether emotional competency mirrors performance 
in socioemotional recognition), we median split the subjects into two groups, based on 
their LEAS scores and accuracies on facial emotion identification, respectively. Separate 
independent sample t tests and Mann-Whitney U tests were conducted to examine 
whether PEA and SIT scores, as well as intensity and pleasantness rankings of 
roommate's odor, respectively, differed between subjects with high versus low LEAS 
scores, as well as subjects with high versus low facial emotion identification accuracies. 
Two more independent sample t tests were then separately performed on roommate 
identification (times correct) with LEAS (high score vs. low score) or facial emotion 
identification (high accuracy vs. low accuracy) as the independent variable (see Results 
and Discussion for details). A linear regression model was also built with roommate 
identification (times correct) as the dependent variable and scores on LEAS and 
accuracies of facial emotion identification as the independents. 
Results and Discussion 
The roommate identification, as measured here, reflects endogenous variance in 
sociochemosensory recognition and cannot be due to exogenous environmental factors. 
Overall, the subjects were significantly above chance in the chemosensory roommate 
identification task [x2(2)=18.23, pO.001]. Roommate identification did not correlate with 
the length of time subjects had lived with their roommate (r = 0.045, p = 0.77). In 
addition, roommate identification accuracy among pairs of roommates was not positively 
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correlated (r = -0.41, p = 0.06), thus ruling out shared environment and familiarity as 
contributing factors. The chemosensory recognition seems implicit, as roommate 
identification did not correlate with the subjective level of confidence (r = 0.14, p = 0.37). 
The cognitive and perceptual measures of awareness of other's emotions reflect different 
aspects of socio-emotional processing (Lane et al., 1998; Vuilleumier, Armony, Driver, 
& Dolan, 2003) and do not significantly correlate with each other (r = 0.21, p = 0.17). 
Chemosensory identification of roommate reflects emotional competency 
To assess whether variance in roommate identification reflects variance in emotional 
processing, we firstly classified the subjects into three groups based on the total number 
of times a subject correctly identified her roommate by smell (correct neither time, n = 21; 
correct once, n = 10; and correct both times, n = 13). These three groups of subjects, 
showed marginally different PEA threshold (F (2, 40) = 2.55, p = 0.091), a measure of 
general olfactory sensitivity. They did not differ in general olfactory naming as assessed 
by SIT (F (2,41) =1.33, p = 0.28). Nor did they differ in the intensity (%2(2)= 1.68, p = 
0.43) or pleasant (^(2) = 3.90, p = 0.14) judgment of smell of their roommate. We 
therefore included PEA threshold as the covariate in the ANOVA model that tests the 
socioemotional competency in these three groups of subjects. 
Sociochemosensory recognition of roommate is positively related to subjects' levels 
of emotional awareness (LEAS, F (2, 39) = 7.91, p = 0.001, partial Eta2 = 0.29, Fig.la). 
Those who identified their roommate both times scored higher in awareness of other 
people's emotions than those who identified their roommate one time or no time (67.44 
vs. 57.53 and 56.07 respectively, s.e.m. = 2.30 vs. 2.43 and 1.72, p =0.015 and 0.001, 
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Bonferroni corrected). Likewise, sociochemosensory recognition of roommate is also 
positively related to identification of facial emotions (F (2,39) = 4.34, p = 0.02, partial 
Eta2 = 0.18; Fig.lb). Women who identified their roommate by smell were more accurate 
at identifying facial emotional expressions than those who did not (0.61 and 0.59 vs. 0.49, 
s.e.m. = 0.037 and 0.039 vs. 0.028, p = .036 and 0.10, Bonferroni corrected). General 
olfactory sensitivity has no significant bearing on either the cognitive awareness of other 
people's emotions (p = 0.57) or the perceptual identification of facial emotions (p = 0.14). 
Fig.lc further highlights the central tendency of each group. The bootstrapped (Davison 
& Hinkley, 1997) sample mean points from subjects who correctly identified roommate 
in both trials (yellow triangle) mostly fall to the right of those from subjects who 
correctly identified roommate in one (red dot) or neither trials (blue-diamond), indicating 
better cognitive awareness of other's emotions in subjects who got correct both times. 
Similarly, the bootstrapped sample mean points from subjects who failed twice in 
roommate identification (blue diamond) fall mostly below those from subjects who were 
correct once (red dot) or both times (yellow triangle), indicating poorer facial emotion 
identification in subject who failed both times. Overall, above chance performance 
(correct both times out of two repetitions of three choices) in the chemosensory task of 
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Fig. 1: Chemosensory identification of roommate reflects emotional competency. Potential 
difference in PEA threshold is statistically equated. Error bars represent standard errors of the 
mean, a: Roommate identification influences cognitive awareness of other people's emotions. 
Subjects who correctly identified their roommate on both trials scored higher than those who 
were correct once or neither time on the Levels of Emotional Awareness Scale (LEAS), b: 
Roommate identification influences identification of facial emotions. Subjects who correctly 
identified their roommate on both trials were more accurate at identifying other people's facial 
emotions than those who were correct neither time. There is a similar trend between those correct 
once and correct neither time, c: Bivariate distribution of 1,000 bootstrapped sample means on 
cognitive awareness of other people's emotions (x-axis) and facial emotional identification (y-
axis) for subjects who were correct neither time (blue diamond), once (red dot), and both times 
(yellow triangle) in chemosensory identification of roommate. 
Emotional competency also mirrors chemosensory roommate identification 
We then examined whether variance in emotional competency corresponds to 
variance in chemosensory identification. When median split subjects by scores on levels 
of emotional awareness for others (LEAS), the two groups (LEAS.high vs LEAS.low) of 
subjects did not differ in PEA threshold (t (41) = -1.26, p = 0.21), general olfactory 
naming on SIT (t (42) = -0.27, p = 0.79), intensity (Mann-Whitney U = 176, nx =19, n2 = 
22, p = 0.36) or pleasantness (Mann-Whitney U = 198, ni = 19, n2 = 22, p = 0.76) ranking 
of roommate's T-shirt. Subjects who scored higher in LEAS were significantly better at 
chemsensory roommate identification than those who scored lower (1.18 vs. 0.45, s.e.m. 
=.0.19 vs. 0.14, t (42) = 3.02, p = 0.004, Cohen's d= 0.93; Fig.2a). 
Likewise, when median split subjects by accuracy on facial emotion identification, 
the two groups (high accuracy vs. low accuracy) did not differ in PEA threshold (t (41) = 
0.42, p = 0.68), general olfactory naming on SIT (t (42) = -1.28, p = 0.21), intensity 
(Mann-Whitney U = 150.5, ni = 20, n2 - 21, p = 0.10) or pleasantness (Mann-Whitney U 
= 184.5, ni = 20, n2 = 21, p = 0.48) ranking of roommate's T-shirt. Subjects with better 
facial emotional identification were also better at chemsensory roommate identification 
compared with those with poorer facial emotional identification (1.14 vs. 0.50, s.e.m. = 
0.18 vs. 0.17, t (42) = 2.58, p = 0.013, Cohen's d= 0.80; Fig.2b). Taken together, the two 
cognitive and perceptual measures of awareness of other's emotions explained 32% of 
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Fig.2: Emotional competency mirrors performance in chemosensory roommate identification. 
Error bars represent standard errors of the mean, a: Subjects with higher cognitive awareness of 
other people's emotions performed better in chemosensory identification of roommate than those 
with lower cognitive awareness of other people's emotions, b: Subjects who performed better in 
identifying facial emotional expressions also performed better in chemosensory identification of 
roommate. 
Relationship to other studies 
Neuroanatomically, feeling empafhetic for others activates limbic and paralimbic 
structures including the anterior cingulate cortex and the anterior insula(de Vignemont & 
Singer, 2006; Lane et al., 1998) while processing facial emotions involves the amgydala 
(Vuilleumier et al., 2003), anterior cingulate cortex (Bush, Luu, & Posner, 2000), anterior 
insula (Wicker et al., 2003), and orbitofrontal cortex (Blair, Morris, Frith, Perrett, & 
Dolan, 1999) [for a comprehensive review, see (Adolphs, 2002)]. Most of these 
structures also participate in processing smells, including socially significant smells 
(Gottfried, 2006; Jacob et al., 2001; Lundstrom et al., 2008; Savic, 2001). Our results 
showed that such functional anatomical relatedness is also manifested at the behavioral 
level: sociochemosensory recognition reflects cognitive and perceptual awareness of 
other's emotions, which in turn predicts performance in sociochemosensory recognition. 
The close connection between sociochemosensation and emotion observed here is in line 
with a privileged connection between social communication and emotion (Britton et al., 
2006; Darwin, 1965). In normal subjects, threshold to nonsocial smells correlates with 
the volume of olfactory bulbs (Turetsky et al., 2000) but not with the perirhinal cortex, 
entorhinal cortex, or temporopolar cortex (Turetsky, Moberg, Roalf, Arnold, & Gur, 
2003). We speculate that the threshold of the nonsocial PEA involves lower level of 
sensory and emotional processing, and therefore does not correlate with emotional 
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sophistication. By contrast, identifying familiar individuals by smell may evoke greater 
socioemotional meanings and therefore recruit wider structures involved in emotion. 
Overall discussion 
Social skills are commonly believed to be interlinked with emotional skills, yet there 
has been little empirical evidence on how the two processings are related. Using the 
unique channel of olfaction, we examined the hypothesis that superior skills at 
identifying social chemosensory information is related to higher emotional competency. 
We ruled out possible confounds including subjects' general olfactory sensitivity and 
olfactory naming ability, as well as the intensity and pleasantness of the target stimuli. 
Our results demonstrate that olfactory identification of a familiar other is interconnected 
with both cognitive and emotional measures of emotional competency: those who 
identified their roommates based on olfactory cues also scored higher on both awareness 
of other's emotions, and accuracy of identifying facial emotional expressions; at.the same 
time, those who scored higher on cognitive awareness or perceptual identification of 
Other's emotions also performed better in chemosensory recognition of roommate. To our 
knowledge, this provides the first piece of empirical evidence of the behavioral 
connection between olfactory and emotional processings. 
Individual recognition has important socioemotional ramifications. It forms the basis 
for bonding, mating, and cooperative behavior (Halpin, 1980; Konig, 2006). The 
behavioral findings reported here suggest that sociochemosignals may tap into a broader 
network of social cognition and emotion, and point to similar underlying mechanisms for 
regulating sociochemsensory and emotional competencies. Unlike vision and audition, 
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olfaction and emotion reside in the same phylogenetically primitive part of the brain, the 
rhinencephalon. This anatomical overlap, and the concomitant evolutionary affinity, 
likely underlie the behavioral connection between sociochemosensation and emotion 
observed here. 
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STUDY VI: SOCIAL ANXIETY AND REDUCED RECRUITMENT OF 
ORBITOFRONTAL CORTEX TO HUMAN SOCIAL CHEMOSENSORY CUES 
Introduction 
Social anxiety, described since the time of Hippocrates [as quoted in (Marks, 1969)], 
is the most common anxiety disorder with a lifetime prevalence of 13% (Kessler et al., 
1994), and yet its underlying mechanism remains little understood. Existing studies on 
social anxiety are mostly based on the clinical population: individuals who experience 
excessive anxiety in social situations that interfere with their daily routine (e.g. (Beidel, 
Turner, & Dancu, 1985; Fedoroff & Taylor, 2001; Gelernter et al., 1991; Liebowitz, 
Gorman, Fyer, & Klein, 1985). According to these studies, adverse social conditioning is 
a primary factor for social anxiety. When placed in anxiety-provoking social situations, 
people with clinical social anxiety report experiencing recurrent negative and distorted 
images (visual, body sensational, auditory, but rarely olfactory) which are linked to 
memories of adverse social events that clustered around the onset of the disorder 
(Hackmann, Clark, & McManus, 2000). Furthermore, these patients can be treated with 
exposure interventions, which involve unconditioning, i.e., uncoupling the connection 
between a social situation and its feared consequences (Gould, Buckminster, Pollack, 
Otto, & Massachusetts, 1997). However, individual differences have also been observed 
that cannot be attributed to adverse social experience. There is an increased rate of social 
anxiety symptoms among the family members of people with clinical social anxiety (Fyer, 
Mannuzza, Chapman, Liebowitz, & Klein, 1993), and the heritability is estimated to be 
30%-40% in women (Kendler, Neale, Kessler, Heath, & Eaves, 1992). Moreover, 
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childhood shyness, a partly genetic trait (Plomin & Daniels, 1986), also contributes to 
clinical social anxiety (Stemberger, Turner, Beidel, & Calhoun, 1995). These findings 
point to an innate mechanism underlying people's proneness to social anxiety, without 
involving adverse social conditioning from experience. 
Current neural models of social anxiety tend to build upon two heavily interconnected 
regions: the orbitofrontal cortex (OFC) and the amygdala (Davidson, 2002; Goldin, 
Manber, Hakimi, Canli, & Gross, 2009; Milad & Rauch, 2007). While the amygdala is 
well documented to respond to conditioned fear (Davis, 1992), OFC is implicated in 
these models to modulate or inhibit inappropriate emotional responses. Accordingly, 
exaggerated amygdala activity along with dysfunction of the OFC during exposure to 
social settings is predicted to give rise to the corresponding fearful experience. This 
hypothesis is supported by brain imaging data showing enhanced amygdala activity and 
reduced orbitofrontal response during public speaking in individuals with clinical social 
anxiety relative to normal controls (Tillfors et al., 2001). It is also consistent with the 
observations that social anxiety is related to previous conditioning of adverse social 
events. Little, however, is known about the neural underpinnings of the innate component 
of social anxiety, Here we ask whether the neural substrate can also be mapped onto the 
OFC-amygdala circuitry. 
We tackle this issue by eliminating the adverse conditioning component in the social 
anxiety circuitry. This is achieved by employing a unique kind of social signal, the 
chemosensory cues of natural human sweat. Sweat has been shown to convey social 
information including individual identity (Russell, 1976), reproductive state (Stern & 
McClintock, 1998), and affect (happiness, fear, anxiety) of the sweat donors (Ackerl et al., 
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2002; Chen & Haviland-Jones, 2000; Ghen et al., 2006; Pause et al., 2004). Yet unlike 
visual or auditory social cues, regular sweat is not known to induce subjective stressful or 
fearful feelings (Zhou & Chen, 2009b). As we have shown recently, OFC, documented to 
process social information (Adolphs, 2003), also responds to the socio-emotional content 
of human sweat (Zhou & Chen, 2008). Thus if orbitofrontal dysfunction is dependent on 
exaggerated amygdala activity, no correlation between social anxiety and OFC response 
should be seen in the absence of amygdala activation. Alternatively, if there is inherent 
individual variation in social signal processing independent of adverse conditioning, as in 
line with (Fyer et al., 1993; Kendler et al., 1992; Stemberger et al., 1995), a significant 




All subjects gave written informed consent for participation. Only men were recruited 
as sweat donors because the apocrine glands in the underarm are larger in men than in 
women (Doty, 1981). Only women were recruited as odor recipients because of their 
superior sense of smell (Brand & Millot, 2001) and sensitivity to emotional signals 
(Broday & Hall, 2000). 
Six healthy male nonsmokers (mean age = 27.3 years, SE - 1.03) from a larger study 
were chosen as sweat donors (see Sweat Selection and Preparation). Three of these men 
served as sweat donors for the fMRI experiment, and three served as sweat donors for the 
experiment on autonomic nervous system response to the olfactory stimuli. 
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Nineteen right-handed females (Mean age = 23.4 yrs; SE = 0.93 yrs) with varying 
degrees of social anxiety (mean = 14, SE = 1.17, see Social Anxiety Assessment) were 
selected to participate in the fMRI experiment as odor recipients. They reported to have 
no other psychological problems or rhinal disorders or neurological diseases, and showed 
superior olfactory sensitivity to phenyl ethyl alcohol (PEA), a non-social rose like odor 
(Mean = 0.00046%, SE in binary dilution step = 0.63), and androstadienone (ANDR), the 
putative human sex pheromone (Jacob, 2001; Savic et al., 2001; Savic, Berglund, & 
Lindstrom, 2005) (Mean = 2.9 u M, SE in binary dilution step = 0.51). 
To verify that sweat does not induce anxiety, we tested another group of fifteen 
female subjects (Mean age = 23.7 yrs; SE =0.97) with good olfactory sensitivities (for 
each subject, PEA < 0.016%, ANDR < 916uM) and similar social anxiety scores as the 
fMRI subjects (mean = 12.7, SE = 1.08). They performed the same paradigm used in the 
fMRI experiment (see Procedure) while their autonomic nervous system responses (heart 
rate and skin conductance, see Physiological Recordings) and self-reported mood (happy, 
sad, fearful, aroused) were monitored. 
None of the female subjects were on hormone contraceptives. The subjects were 
tested during the periovulatory phase of their menstrual cycles (10-27 days, on average 
18 days, from the onset of their last period in the fMRI experiment; 7-29 days, on average 
17 days, from the onset of their last period in the physiological recording experiment). 
They were informed that the study was on brain activations / autonomic responses to 
natural compounds and were blind to the nature of the olfactory stimuli used in the 
experiment. 
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Sweat Selection and Preparation 
As mentioned above, donors were selected from a larger study with 20 heterosexual 
male donors. They refrained from using deodorant/antiperspirant/scented products, and 
used scent-free shampoo/conditioner, soap, and lotion provided by the experimenter from 
two days prior to the sweat collection experiment until the end of the experiment. Two 
types of sweat were collected, neutral sweat, encountered in daily social contact; and 
sexual sweat, typically encountered in intimate relationships. The emotions of neutrality 
and sexual arousal were induced with 20-minute-long video segments showing 
educational documentaries and sexual intercourse between heterosexual couples, 
respectively. The donors kept a 4"x4" pad (rayon/polyester for maximum absorbance) in 
each armpit while watching the video segments. Meanwhile, their skin conductance was 
recorded using Ag/AgCl electrodes filled with isotonic electrolyte (BIOPAC Systems, 
Inc., Goleta, CA) attached to the palmar area of the nondominant hand. New pads were 
used for each segment. The sequence of segment presentation was counterbalanced. A 
5min segment (of the same emotional content as the 20min segment) preceded each 
20min segment, serving as an emotional transition. Only pads worn during the 20min 
segments were used. Once collected, sweat pads were stored at -80° C until subsequent 
testing. Over the course of the 20 min video segments donors experienced greater arousal 
(measured by skin conductance) while watching erotic videos as compared with watching 
neutral videos (p = 0.017). 
Six healthy, male non-smokers were subsequently selected for the current study 
mainly because of their high levels of the self-reported sexual arousal and neutrality 
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during the sweat collection (see Fig. 1 for their self-reported emotional response to the 
videos). 

















Fig.l. Mean strength of self-reported emotions from the six selected sweat donors. This is shown 
on a 100mm visual analog scale during the neutral and the erotic video segments, respectively. 
The plot shows that the emotion generation was successful. Neutral videos elicited predominantly 
neutral feelings. Erotic videos elicited predominantly sexual arousal and happiness. Error bars 
represent standard error of the mean. 
Olfactory Stimuli 
Two types of human sweat were used: the pooled sweat of sexual arousal obtained 
from 3 male donors (sexual sweat), and the sweat from the same men but under neutral 
emotions (neutral sweat). In addition, we included the putative sex pheromone 
androstadienone (ANDR: Steraloids Inc. Newport, RI; 916 uM in propylene glycol, 1 ml) 
and phenyl ethyl alcohol (PEA: Sigma-Aldrich, St. Louis, MO; 0.03% in propylene 
glycol, 1 ml), which served as a non-social control. The concentrations of ANDR and 
PEA were chosen based on a separate panel of 10 female judges who were told to best 
match their intensity and pleasantness to the sweat samples. All smells were presented on 
nylon/polyester blended pads. 
Social Anxiety Assessment 
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Social anxiety was assessed with the social anxiety subscale of the Self 
Consciousness Scale (Fenigstein, Scheier, & Buss, 1975). It consists of six items (e.g. 
Large groups make me nervous; I have trouble working when someone is watching me) 
rated on a scale of 0 (extremely uncharacteristic) to 4 (extremely characteristic), and 
measures the discomfort in the presence of others. It has a reliability of 0.73 and is 
sensitive to the individual differences in the normal population (Fenigstein et al., 1975). It 
also correlates well with other social anxiety scales (Leary, 1983). 
Procedure 
For the fMRI experiment, each olfactory stimulus was presented twice per run over a 
course of 5 runs in a semi-randomized manner via a non-ferric, computer-controlled, 6-
channel MRI compatible olfactometer (Mindware Technologies LTD., Columbus, OH) 
adapted after Lorig (Lorig, Elmes, Zald, & Pardo, 1999). Each olfactory presentation 
consisted of inhalation (4s), exhalation (4s) and another inhalation (4s) (12s in total), 
prompted by "I" (for breath in) and "O" (for breath out) signs on the screen so that 
breathing can be synchronized with smell delivery (All subjects had been trained to 
breathe according to the rhythm of the visual prompts prior to the scans). The 
presentations were interleaved with a 28s interval in between, during which only purified 
air was delivered and subjects followed "I" and "O" prompts as usual. Immediately 
following each smell presentation, subjects rated either the intensity or the pleasantness 
of the smell on a 1-5 scale with a response pad attached to their right hand (see Fig.2). 
The order in presenting the intensity and pleasantness questions was counterbalanced 
across the subjects and the scans. After the scans, 16 out of the 19 subjects smelled the 
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same olfactory stimuli presented through the olfactometer and described what each 
smelled like. Each fMRI session lasted about 1 hr. 
The same paradigm was adopted to examine autonomic nervous system responses to 
the olfactory stimuli, with one exception: after rating the intensity/pleasantness of an odor, 
subjects also rated on a 100-unit visual analogue scale how happy, fearful, sad, or 
aroused they felt. 
12s smell presentation 28s smell off 
Time: 0 22 62 102 142 342 
Intensity/ Pleasantness 
382 410 sec 








12s smell presentation 
Fig.2. Experimental procedure. In each run, each olfactory stimulus was presented twice. Each 
presentation consisted of inhalation (4s), exhalation (4s) and another inhalation (4s) (12s in total), 
prompted by "1" (for breath in) and "O" (for breath out) signs on the screen. Smells were 
delivered in puffs during inhalations. Subjects rated either the intensity or the pleasantness of the 
smell immediately following each smell presentation. The presentations were interleaved with a 
28s interval in between, during which only purified air was delivered and subjects followed "I" 
and "O" prompts as usual. 
fMRI Data Acquisition 
FMRI Data were collected using a 3T Philips Intera and asymmetric spin echo pulse 
sequence (Stables, Kennan, & Gore, 1998) with TE = 31ms, TR =2000ms, FOV = 
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240x240 mm2, in-plane resolution = 128x128, and number of slices = 28. The voxel 
dimension was 1.875x1.875x3.75 mm3. Four dummy scans were conducted at the 
beginning of each run to allow the magnetization to reach magnetic equilibrium. A Tl 
weighted anatomical volume (3D MPRAGE; 1 x 1 x 1 mm3 resolution) was also acquired 
for each subject for normalization and visualization of the functional data. Slices were 
acquired using oblique orientation 30° to the AC-PC line (Sobel et al., 1997). Respiration 
was recorded via MP150 (BIOPAC Systems, Inc., Goleta, CA), connected with the 
scanner's built-in sensor taped on subjects'diaphragms. 
fMRl Data Analysis 
Functional data were analyzed using AFNI (Cox, 1996). Following image 
preprocessing, the fMRI data were analyzed using the general linear model. Regressors of 
interest, each corresponding to the time points when subjects inhaled a particular 
olfactory stimulus, were convolved with the gamma function. The parameter estimates 
(betas) for each regressor were calculated for all brain voxels and entered in the second 
level ANCOVA together with the average intensity and pleasantness ratings for each 
olfactory stimulus from each subject. The nonsocial control smell (PEA) was set as the 
baseline. The use of ANCOVA allowed us to normalize the inherent intensity and 
pleasantness variations (see Olfactory Stimuli Intensity and Pleasantness) in the olfactory 
stimuli. Alpha probability simulation was used to apply small volume correction to the 
orbitofrontal cortex (OFC) and the amygdala in the voxel-wise analysis based on their 
heavy involvement in social anxiety (Davidson, 2002; Milad & Rauch, 2007; Tillfors et 
al.,2001). 
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Regions of Interest (ROIs) 
A functional OFC ROI was defined as the ANCOVA test revealed a region in the 
right OFC that significantly differentiated sweat from the nonsocial control PEA 
(Talairach coordinates 33, 40, -1 , cluster size = 52 mm3; see Results). Amygdala did not 
significantly differentiate among the olfactory conditions (see Results). To explore 
whether there is any connection between social anxiety and amygdala activity, we 
structurally defined the left amygdala and the right amygdala using (Talairach & 
Tournoux, 1988). The average % signal changes within the ROIs were then extracted for 
each olfactory condition from each subject and entered in partial correlation tests with 
social anxiety scores and the intensity/ pleasantness ratings. Here odor intensity and 
pleasantness were controlled for because amygdala and OFC, being primary and 
secondary olfactory regions, respectively, are known to process olfactory intensity and 
pleasantness (Anderson et al., 2003; Gottfried & Zald, 2005). 
Physiological Recordings 
Heart rate and skin conductance were recorded using Biopac MP150 (Goleta, CA). 
Electrocardiogram signals were recorded using disposable snap electrodes attached to the 
right collarbone and the left and right (ground) rib cage. Skin conductance was recorded 
using 8-mm diameter Ag/AgCl electrodes filled with Biopac isotonic electrode paste and 
attached bipolarly to the palmar area of the non-dominant hand. Conductance signals 
were measured in terms of mean skin conductance amplitude in microsiemens. Data were 
analyzed using Biopac Acknowledge 3.7.3 and mixed linear model, controlling for 
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variances in the perceived intensity and pleasantness of the olfactory stimuli (see 
Olfactory Stimuli Intensity and Pleasantness). 
Results 
Olfactory Stimuli Intensity and Pleasantness 
Overall, subjects who participated in the fMRI experiment perceived the sexual sweat 
and ANDR to be more intense than the neutral sweat (p = 0.019 and p < 0.001, 
respectively, Bonferroni corrected); and the PEA to be more pleasant than both the sexual 
sweat and neutral sweat (p = 0.001 and 0.019, respectively, Bonferroni corrected). 
Subjects in the physiological recording experiment perceived ANDR to be less intense 
than sexual sweat and PEA (p < 0.001 and p = 0.01, respectively, Bonferroni corrected) 
and more pleasant than neutral sweat and sexual sweat (p = 0.046 and p < 0.001, 
respectively, Bonferroni corrected). They perceived sexual sweat to be more intense than 
neutral sweat (p = 0.024, Bonferroni corrected). These perceptual differences were 
statistically controlled for in the subsequent analyses of the subjects' mood ratings, 
physiological responses, and brain activities (See Methods and Materials). 
Social Chemosensory Cues and Anxiety 
None of the subjects verbally reported experiencing anxiety throughout the fMRI 
session or the physiological recording session. Compared with the nonsocial control PEA, 
human related chemosensory cues (sexual sweat, neutral sweat, and ANDR) did not 
differentially change self-reported mood (p = 0.40, 0.72, 0.28, and 0.52 for happiness, 
fear, sadness, and arousal, respectively) or autonomic nervous system responses (p = 0.19 
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and 0.20 for heart rate and skin conductance, respectively). There was no correlation 
between social anxiety and the mood ratings (ps > 0.40, Bonferroni corrected) or the 
physiological measures (ps > 0.42, Bonferroni corrected) when subjects were exposed to 
any of these chemosensory cues. In addition, social anxiety did not significantly affect 
the perceived intensity and pleasantness ratings (ps > 0.12, Bonferroni corrected, in the 
fMRI experiment; ps > 0.27, Bonferroni corrected, in the physiological recording 
experiment) of the olfactory stimuli. Finally, there was no difference in either the 
breathing amplitude (p = 0.602) or the frequency (p = 0.905) across the four olfactory 
conditions in the fMRI session. 
OFC but not Amygdala Differentiated between Social Chemosensory Cues and Nonsocial 
Smell 
The ANCOVA test revealed a region in the right OFC (Talairach coordinates 33, 40, -
1; uncorrected p < 0.0005, corresponding to Z>3.48, cluster size = 52 mm3, svc corrected 
P < 0.005, peak Z = 3.90; Fig. 3a) that distinguished among the four olfactory stimuli. 
Post hoc tests showed this region significantly responded to the sexual sweat as compared 
with the nonsocial baseline, and to the sexual sweat as compared with either the neutral 
sweat or ANDR (P < 6.001, Bonferroni corrected). Consistent with the lack of subjective 
anxiety report, amygdala failed to differentiate between any of the sexual sweat, neutral 
sweat, or ANDR from the nonsocial baseline (PEA) even at a very liberal amplitude 
threshold of 0.01 (svc corrected p > 0.6). 
Social Anxiety and OFC Reactivity 
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After controlling for between-subject variations in the perceived intensity and 
pleasantness of the stimuli, significant negative correlations were observed between 
subjects' social anxiety scores and the OFC (Talairach coordinates 33, 40, -1; 52 mm3, 
see the section above and Regions of Interest) % signal changes during the exposures to 
the sexual sweat (r=-0.662, p = 0.004, Fig.lb) and the neutral sweat (r = -0.660, p = 0.004, 
Fig.lc). No such correlation was observed for ANDR (r = -0.340, p = .182, Fig.3d) or 
PEA (r =-0.261, p = 0.311, Fig.3e). 
Social Anxiety and Amygdala Reactivity 
Different from the OFC, the % signal changes in both the left and the right amygdala 
(structurally defined, see Regions of Interest) were not correlated with social anxiety 
scores during the exposure to any of the olfactory stimuli (controlling for intensity and 
pleasantness ratings, ps > 0.33). 
94 
-12 -8 -4 0 4 
Adjusted social anxiety 
-12 -8 -4 0 4 




o w o e 
-32 -8 -1 0 









8 I f 




Adjusted social anxiety 
Fig.3. OFC activity correlated with social anxiety score when exposed to natural human sweat. 
The OFC ROI is shown in (a), defined as the cluster in the OFC that significantly differentiated 
between social chemosensory cues and the non-social control smell PEA in the ANCOVA test 
(Talairach coordinates 33,40, -1; uncorrected p < 0.0005, corresponding to Z>3.48, cluster size = 
52 mm3). After controlling for between-subject variations in perceived intensity and pleasantness 
of the stimuli, social anxiety score was significantly correlated with reduced OFC % signal 
change when the subjects were exposed to (b) the social chemosensory cues of sexual sweat (r=-
0.662, p = 0.004), (c) the social chemosensory cues of neutral sweat (r=-0.660, p = 0.004), but not 
to (d) ANDR (r = -0.340, p = .182), and (e) PEA (r = -0.261, p = 0.311). In b-e, the y-axes 
represent OFC % signal changes adjusting for individual intensity and pleasantness ratings; the x-
axes represent social anxiety scores adjusting for individual intensity and pleasantness ratings. 
Discussion 
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In women, ANDR is distinguished from common household smells in terms of neural 
responses (Savic et al., 2001; Savic et al., 2005). It exerts a positive effect on mood and 
cognition (Bensafi et al., 2004; Jacob & McClintock, 2000; Lundstrom et al., 2003; 
Wyart et al., 2007) and heightens sympathetic nervous system arousal (Bensafi et al., 
2004; Jacob, 2001; Wyart et al., 2007) in a dose (Bensafi et al., 2004) and context (Jacob, 
2001; Lundstrom & Olsson, 2005) dependent manner. In the current study, the subjects 
smelled a low dose of ANDR (916uM) via the olfactometer (hence with little context), 
which likely contributes to the lack of significant difference in the mood ratings and 
physiological responses between the conditions of ANDR and PEA. Although ANDR is 
considered a meaningful chemosignal, the OFC response to ANDR did not significantly 
correlate with social anxiety. This is probably because ANDR acts more on sex/ 
reproduction related regions (Savic et al., 2001; Savic et al., 2005), and does not carry 
rich social information in and of itself, as it is one of the many compounds that comprise 
natural sweat (Gower et al., 1994; Perm et al., 2007). 
Although the amplitude of the OFC response to the sexual sweat was significantly 
larger than that to the neutral sweat, even after controlling for their perceived intensity 
and pleasantness differences, the correlations between social anxiety scores and the OFC 
responses to these two types of social chemosensory cues were strikingly similar. In other 
words, although the emotional content of sexual sweat augmented OFC responses in 
general, as one would expect based on the involvement of OFC in social emotional 
processing (Kringelbach & Rolls, 2004), there is an invariant component in the OFC's 
responsiveness to these social signals. 
The social chemosensory cues of natural sweat did not trigger amygdala responses, 
subjective anxious/ fearful feelings, or autonomic nervous system responses. This is 
corroborated by the independence of amygdala activity and social anxiety scores during 
the exposures to these social cues. Yet subjects with higher anxiety scores showed 
inherently reduced orbitofrontal responses to the sweat of neutrality (encountered in daily 
social contact), and to the sweat of sexual arousal (typically encountered in intimate 
relationships). This, however, is not true in response to either the nonsocial control PEA 
or the human steroid ANDR. The observed pattern of the neural responses to the two 
human sweats is especially interesting in light of the subjects' unawareness of the nature 
of the olfactory stimuli; indeed, the majority (nearly 90 percent) of the subjects did not 
consciously associate the social chemosensory cues with humans (Zhou & Chen, 2008). 
This implies that humans, as an intensely social species, process social signals in an 
automatic and sometimes subconscious manner. 
Taken together, our results demonstrate a linkage between social anxiety and reduced 
orbitofrontal response to natural human social chemosensory cues in the absence of 
adverse social conditioning. No such linkage was found between social anxiety and 
amgydala activity. Such functional dissociation is in line with recent evidence that the 
OFC and amygdala assume different roles in general anxiety (Bishop, 2009). Our 
findings provide direct neural support to the hypothesis raised earlier, viz. there are 
inherent variations in the orbitofrontal responsiveness to social signals. These variations 
are linked to social anxiety, but are independent of adverse social conditioning. Whether 
such inherent variations can be directly mapped onto genetic differences or personality 
traits is an important open question, and this deserves serious studies in the future. 
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OVERALL SUMMARY 
Taken together, the six studies provide new insights into the sensory properties of 
human olfactory system, the interplay between human vision and olfaction, and human 
socioemotional communications via chemosensory cues. 
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